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4. INTRODUCTION

Our previous work has found that excessive glutamatergic activity plays a major role in
excitotoxic damage related to environmental toxin or military threat agent exposure. As expected,
negative modulation of glutamate receptor activity through antagonists promotes protection against
excitotoxic insults (see Buchan et al., 1991; Nellgard and Wieloch, 1992; Sheardown et al., 1993).
Interestingly, low-level stimulation of AMPA-type glutamate receptors has been shown to enhance
neuronal survival and promote synaptic maintenance (Bambrick et al., 1995; McKinney et al., 1999).
This is likely related to the fact that besides having ionotropic properties, AMPA receptors are
linked to the neuroprotective mitogen-activated protein kinase (MAPK) pathway (Wang and
Durkin, 1995; Hayashi et al., 1999; Bahr et al., 2002; Limatola et al., 2002). This signaling pathway
can be enhanced by the positive modulators call Ampakines (Bahr et al., 2002), thereby implicating
the pathway in Ampakine induction of neurotrophic factor expression (Lauterborn et al., 2000) and
neuroprotection against stroke-type excitotoxicity (Bahr et al., 2002). Recent findings indicate that
multiple receptor systems are linked to such endogenous repair mechamsms that are responsible for
compensatory responses to mjury

AMPA receptors are known to participate in higher cognitive functions in the mammalian
brain. Positive modulation of AMPA receptors by the Ampakine class of compounds selectively
improves channel function by making the receptors more responsive to endogenous ligand and
specific agonists (Tang et al., 1991; Arai et al.,, 1996; Suppiramaniam et al., 2001). The resultant
increase in glutamatergic transmission has been shown to be associated with enhanced synaptic
plasticity and memory retention (Staubli et al., 1992, 1994; Granger et al., 1996; Hampson et al.,
1998; Lebrun et al., 2000). Thus, AMPA receptors are part of a cellular mechanism(s) that are
necessary for both information processing and repair systems. Surprisingly, as in the case of AMPA
class glutamate receptors, we found that cannabinoid receptors and proteoglycan-binding adhesion
receptors are linked to endogenous repair mechanisms. These same two classes of receptors also
have been implicated in plasticity-related memory encoding (Bahr et al., 1997; Carlson et al., 2002;
Gerdeman et al., 2002), again corresponding with AMPA receptors. The multiple receptor systems,
i.e. AMPA receptors, cannabinoid receptors, and adhesion receptors, were found to activate
common pathways involving MAP kinase, focal adhesion kinase (FAK), and transcription factors
- that facilitate endogenous repair mechanisms. -

5. BODY

This project has identified repair mechanisms that are able to counteract the effects of
neurotoxin exposure. We have shown that AMPA-type glutamate receptors are linked to appropriate
signaling events in order to prevent neuronal injury as well as enhance recovery. As reported in Bahr
et al. (2002), AMPA stimulation in hippocampal slice cultures caused the selective activation of
MAPK through the upstream activator MAPK kinase (MEK). Excessive glutamatergic activity
through AMPA receptors is no doubt a critical feature of excitotoxic damage (Buchan et al., 1991;
Sheardown et al., 1993). On the other hand, enhancing basal stimulation of AMPA receptors and
associated MAPK signaling with the positive modulator Ampakine, was found to promote neuronal
survival after toxic exposure (Bahr et al., 2002; Munirathinam et al., 2002). As with AMPA receptors,
we recently showed that stimulation of signals through cannabinoid receptors and proteoglycan-
binding adhesion receptors also mediate neuroprotection in the slice model.
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Figure 1. Cannabinoid receptors and proteoglycan-binding adhesion receptors elicit neuroprotection in
hippocampal slice cultures. (a, b) Slice cultures were treated with excitotoxic level of AMPA for 30 min, and
the 24-h recovery period was in the absence or presence of 0.1 pM AM374 and 10 pM AM404, a drug
combination that enhances endogenous cannabinoid signaling. (¢, d) Slices were treated with excitotoxic
level of NMDA for 20 min, and the 24-h recovery period was in the absence or presence of 10 nM DS500 in
order to stimulate proteoglycan-binding adhesion receptors. Slice samples were assessed by immunoblot for
spectrin BDP (a, ¢) and the postsynaptic marker GluR1 (b, d); data represent mean integrated densities +
SEM. Recovery levels were significant at p<0.001.

Enhancing signaling through cannabinoid receptors and proteoglycan-binding adhesion
receptors was tested for neuroprotection in the slice model. The excitotoxic action of AMPA and
NMDA caused lasting spectrin breakdown (BDP) mediated by the excitotoxic protease calpain (Fig.
la and lc; see immunoblot at top), as well as synaptic decline (Fig. 1b and 1d). Enhancing
endogenous cannabinoid signaling can be achieved by blocking the degradation and recycling
transport of endocannabinoid ligands with the inhibitors AM374 and AM404 (Beltramo et al., 1997;
Deutsch et al., 1997; Gifford et al., 1999; Giuffrida et al., 2001; Gerdeman et al., 2002). Increasing
" endocannabinoid signaling in this way almost completely eliminated the spectrin breakdown and the
reductions in pre- and postsynaptic markers produced by the excitotoxic exposure (Fig. 1a and 1b). In
Figures 1c and 1d, similar neuroprotection was found when proteoglycan-binding adhesion receptor
signaling was stimulated with the glycosaminoglycan dextran sulfate of 500 kDa (DS500). These
results are of particular significance because the receptor enhancing conditions of AM374/404 and .
DS500 were not subjected to slice cultures until after the excitotoxin exposure period. The level of
recovery produced by post-insult modulation of cannabinoid receptors and proteoglycan-binding
adhesion receptors was comparable to the protection elicited by pre-incubation with Ampakine.
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Figure. 2. Multiple receptor systems are linked to the MAPK signaling pathway. The different types of
receptors were stimulated, and slices were assessed by immunoblot for the phosphorylated active ERK
isoforms of MAPK (shown are mean integrated density values of pERK2 + SEM). (a) Cannabinoid receptors
were stimulated for 60 min with the agonist AM356 (100 pM) or with the AM374/404 combination used in
Figure 1 that enhances endocannabinoid signaling. The resultant 1-2-fold increase in MAPK activation was
blocked by the cannabinoid receptor antagonist AM281 (p<0.01). (b) Slices were treated with or without
AMPA for 3 min, Ampakine modulator of the AMPA receptors for 60 min, and 10 nM DS500 to stimulate
proteoglycan-binding adhesion receptors for 60 min. In the blot, untreated slices and slices exposed to AMPA
for 2 min in the absence or presence of CNQX or AP5 were assessed for pERK isoforms.

The same receptor systems shown to elicit neuroprotection in the slice model also activated
common signaling pathways. As recently reported for AMPA receptor stimulation (Bahr et al., 2002),
MAPK isoforms (ERK1/2) are selectively activated when phosphorylated on Thr and Tyr residues
of their catalytic core by the kinase MEK (see blot above Fig. 2b). Stimulation by AMPA caused
rapid MAPK activation as indicated by enhanced staining of ERK1 and ERK2 with an antibody that
recognizes the dually phosphorylated isoforms. The effect was block by AMPA receptor antagonist
CNQX but not by other glutamate receptor antagonists. Similar MAPK activation occurred when
cannabinoid signaling was stimulated with the agonist AM356 as well as with the AM374/404
combination that enhances endocannabinoid signals (Fig. 2a). The resultant increase in MAPK
activation was blocked by the cannabinoid receptor antagonist AM281. Interestingly, MAPK also
was activated to a similar degree when AMPA receptors were subjected to allosteric modulation
alone with Ampakine CX516, or when proteoglycan-binding adhesion receptors were stimulated
with the same level of DS500 that produced neuroprotection (Fig. 2b).
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Figure. 3. AMPA receptors and cannabinoid receptors activate FAK. The different types of receptors were
stimulated with agonist for 20-60 min, and slices were assessed by immunoblot for the phosphorylated active
form of FAK (mean integrated density + SEM). The resultant 3-5-fold increase in FAK activation was
blocked by the integrin antagonist GRGDSP.

In addition to the MEK/MAPK activation events, multiple receptor systems also have a
common influence on other components of protection-mediating signaling pathways. We recently
found that different receptors activate not only the MAPK pathway but also the upstream element
focal adhesion kinase (FAK), the primary mediator of integrin signals that regulate cell viability.
Through their interaction with the extracellular matrix, integrins can translate changing conditions
in the extracellular environment into FAK signals capable of modulating intracellular signal
transduction. As shown in Figure 3, the activated form of FAK was labeled by antibodies to
phosphoFAK (pFAK), and the staining was increased by stimulating AMPA receptors with AMPA
or cannabinoid receptors with AM356 agonist. The FAK activation as well as MAPK activation
events were blocked by the GRGDSP peptide that selectively inhibits integrin-mediated adhesion
responses.

Disruption of endogenous repair signals can have dramatic effects on the relative vulnerability
of brain tissue. Blocking the different components of the AMPA receptor-MAPK pathway was
previously found to enhance vulnerability to conditions that were normally well tolerated (Bahr et al,
2002). Enhanced neuronal vulnerability could explain why long after exposure to an environmental
toxin or military threat agent, select brain regions can remain acutely vulnerable to stroke events or
age-related neurodegenerative processes. Chronic exposure of toxins at low levels could very well
be disrupting endogenous repair systems although alone the exposure does not elicit overt
pathogenic changes. Thus, it is important to study how neuronal vulnerability can be enhanced.
Long-term brain slice cultures are ideal for such a task since they exhibit similar pathogenic
responsiveness as found in vivo but in the absence of systemic variables (Bergold et al., 1993; Bahr,
1995; Bahr et al., 2002; Bendiske et al., 2002). More importantly, the stability of the cultured skce
renders it a good model for studying pathogenic processes that may be drawn out and expressed
only by a change in vulnerability to additional stress factors (see Bahr et al., 1994, 1998; Bendiske
et al., 2002). Since our previous work showed that vulnerability is enhanced by specific inhibitors
of MEK and MAPK, additional studies were conducted in slices treated to disrupt integrin-mediated
adhesion responses including FAK activation.
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Figure 4. Blocking integrin-type adhesion responses increases vulnerability to different types of insults.
Cultured slices were treated with (a) excitotoxic levels of AMPA for 20 min or (b) a sub-pathogenic GD
level for 24 h in the absence or presence of the integrin antagonist GRGDSP. Slice samples were analyzed 24
h post-insult for calpain-mediated spectrin breakdown product (BDP) and the synaptic marker GluR1.

FAK activation was disrupted by the GRGDSP integrin antagonist as shown in Figure 3.
Brain slices pretreated with GRGDSP were tested for their pathogenic responses to a brief exposure
to an excitotoxin (Fig. 4a) or to a 24-h exposure to a sub-pathogenic concentration of soman (GD)
(Fig. 4b). In both cases, the insults produced more evidence of cytoskeletal breakdown and synaptic
decline than is normally expressed in the absence of the integrin antagonist. It appears, then, that
endogenous maintenance pathways involve adhesion responses linked to FAK-MEK-MAPK
signaling. Also, low-level GD exposure during a time when brain circuits and their signaling are
compromised can indeed lead to excitotoxic processes; such processes are exemplified by calpain-
mediated spectrin breakdown and synaptic decline, known characteristics of varying types of
excitotoxicity (Vanderklish and Bahr, 2000; Bahr et al., 2002).

Further worked looked at whether brain tissue can experience increased vulnerability
following a brief period of neuronal stress which can come from excitotoxic conditions including
hypoxia, ischemia, mild stroke, or head trauma. We used trimethyltin (TMT), an environmental
toxin capable of inducing excitotoxic processes after 4-5 h in the slice model (Bahr et al., 2002;
Munirathinam et al., 2002). The short 1-h TMT exposure used in Figure 5 (middle pair of samples)
produced little evidence of spectrin breakdown (BDP) or reductions in presynaptic marker
synaptophysin (Syn) or postsynaptic marker GluR1 assessed 24 h later. However, a robust BDP
response (5-fold increase) and synaptic decline (-30-50%) were evident when such TMT exposure
was followed by a single sub-pathogenic application of GD (Fig. 5, rightmost pair). Slices were
assessed for pathogenic changes 24 h after the single GD infusion at 0.1 pM. This low level of GD
alone did not induce degenerative events after the 24-h period (see leftmost pair). Thus, brain tissue
compromised by mild insults is made more vulnerable to GD exposure. Further experiments went
on to show the reverse is true. Low-level GD exposure for a week potentiated neuronal vulnerability
to acute toxic insults. Interestingly, positive modulation of glutamatergic signaling linked to MAPK
during the week-long GD exposure was neuroprotective, completely abolishing pathogenic changes
induced by the subsequent insult (2002 abstract). These data indicate that prolonged exposure to
dilute GD enhances neuronal vulnerability, and endogenous repair pathways act against this.
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Figure 5. Cultured hippocampal slices exhibit increased vulnerability following a brief excitotoxic insult.
Slices were exposed to 100 uM TMT for 1 h (middle pair), and 24 h later immunoblots of slice samples
showed little evidence of spectrin breakdown (BDP) or reductions in synaptophysin (Syn) or GIuR1 as
compared to non-treated control slices (NT). Cytoskeletal and synaptic degeneration were evident when the

TMT exposure was followed by a 24-h application of 0.1 uM GD (see rightmost pair). This low level of GD
alone did not induce degenerative events after the 24-h period (leftmost pair).

Studies were done in an attempt to find possible drug combinations that could improve
neuroprotection against the increased vulnerability. The anticonvulsant drug huperzine A and the
anti-inflammatory drug NS398 produced marginal protection as compared to that produced by
enhancing endogenous repair signals. Broad-spectrum anti-inflammatories were previously shown
to elicit only minor beneficial effects. Following mitochondrial toxicity as with excitotoxin
exposure, some evidence of additive neuroprotection was found between the AMPA receptor-
MAPK pathway modulator Ampakine and NS398, a cyclooxygenase-2 inhibitor (Table 1).
However, across different synaptic markers, additive recovery was not consistent. This leads to the
conclusion that endogenous repair signals through receptors like AMPA receptors, cannabinoid
receptors, and adhesion-type receptors are sufficient to protect against toxin exposures, and that
pursuing combinations with alternate protection avenues is not warranted.

Agent Extent off GluR1 Recovery  Synapsin Recovery . Synaptophysin Recovery
none - - -
Ampakine +++ +++ +++
Ampakine+NS398 ey +++ ++
NS398 At +++ ++

Table 1. Positive modulation of the AMPA receptor-MAPK pathway with Ampakine was tested with or
without the anti-inflammatory agent NS398 for inducing recovery of different synaptic markers. The three
synaptic markers were reduced 60-90% following the exposure to mitochondrial toxin (3NP) for 24 h.
Recovery was evaluated by comparing marker levels in slices that did not receive any protective agent.




The advantage of using the cultured brain slice model to study cellular repair systems is
apparent from the model being unlike dissociated neurons and very similar to adult brain tissue,
expressing the characteristic circuitry, integrity, and organization of neuronal layers and dendritic
fields (Bahr et al, 19952). In addition, the same compensatory signaling whose modulation
enhances recovery in the slice model is also neuroprotective and can be similarly exploited in vivo
(Bahr et al., 2002). Neuroprotection is efficiently assessed in slice cultures since the model allows
for controlled toxic conditions and the ability to conduct signaling effects in the absence of systemic
variable. Neurotoxicity measures of particular usefulness are the loss of synaptic proteins and the
activation of the calcium-dependent protease calpain. Calpain-mediated cytoskeletal damage and
reduced expression of synaptic markers represent early neurodegeneration, thus they are valuable
for identifying potential compensatory pathways (Harry et al., 1985; Brock and O’Callaghan, 1987;
Bahr et al., 1994, 1998, 2002; Vanderklish and Bahr, 2000; Bendiske et al., 2002; Bendiske and
Bahr, 2002).

With the slice model, cell-surface signal transduction through the link between different
receptors and MAPK has been implicated as an important step in neuronal maintenance. The
multiple receptor types seem to act through transcription regulators to explain common signaling
elements including MAPK and FAK. Inducible transcription factors are important in
communicating changes in the cellular environment into specific signaling responses. Nuclear
factor-kB (NF-xB) is one such factor, activated in response to both excitotoxicity and receptor
activation. This transcription factor underlies the cell’s ability to respond to a wide range of stimuli
ranging from growth and differentiation to toxic insult. Correspondingly, studies with the slice
model have suggested that NF-kB activation 1) represents a compensatory repair response activated
early after the onset of excitotoxic conditions (Caba et al, 2002) and 2) also occurs as part of the
pathogenesis elicited when AMPA receptor-MAPK signaling is disrupted for an extended period
(Bahr et al., 2002). The transcription factor NF-xB is known to be activated in response to certain
types of pathogenic episodes (Mattson et al., 2000; Bahr et al,, 2002).

As illustrated in our studies, there is an inherent complexity with regards to NF-xB
activation, its involvement being implicated in both promoting cell damage as well as cell survival.
Components of such a dual role have been seen mediated by different stimuli in non-brain tissue,
however, NF-kB activation in the brain in fact leads to protective and pathogenic pathways as a
result of a single type of stimuli. Thus, while there are studies implicating NF-«xB in protective
compensatory signaling in response to excitotoxicity (Grilli et al., 1996; Clemens et al., 1997; Qin
et al., 1998; Nakai et al., 2000; Bachis et al., 2001; Caba et al., 2002), there also exists studies that
point to the pathogenic role played by NF-kB (Goodman and Mattson, 1996; Mattson, 1997;
Tamatani et al., 2000; Lipsky et al., 2001; Rosenberger et al., 2001). Together with our current
work, these studies lead to the idea that NF-xB activation initially triggers compensatory signaling
pathways, but later is capable of enhancing neuronal vulnerability perhaps to apoptotic mechanisms.

In correspondence to this idea, we found that NF-xB activation is biphasic in response to an
excitotoxic insult. We evaluated the activation profile of NF-xB in organotypic hippocampal slice
cultures subjected to a 20-min NMDA exposure. The hippocampus is a part of the brain that is
particularly targeted by neuropathologic events such as stroke-type and toxin-induced
excitotoxicity. The brief insult resulted in a biphasic activation profile for NF-xB as determined by
EMSA, consisting of an initial 4-fold increase, followed by a second phase of activation evident 24
h post-insult (ANOV A p<0.0001). See Figure 6 for a diagram of the biphasic response.
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Figure 6. NF-kB is activated in a biphasic manner following a brief 20 min NMDA exposure.

Such biphasic activation could explain the dual role of NF-xB observed by numerous studies
resulting in the controversial implication of NF-xB in both protection and pathogenesis. The results
support the hypothesis that NF-xB activation is comprised of two distinct phases in response to
excitotoxicity in the hippocampus, and that the phases promote opposing signaling pathways.

Further characterization of NF-kB activation required the assessment of cellular response
pathways that potentially have different effects on the two phases. Interestingly, properties of the
initial phase are consistent with neuroprotection and the second phase with degeneration. For
instance, recent data have shown that MEK activation resulting in increased phosphoERK isoforms
corresponds only with phase I of NF-kB activation (Fig. 7b). Accumulating evidence suggests that
the MEK-MAPK pathway is involved in promoting compensatory mechanisms during
excitotoxicity (Bonni et al., 1999; Bahr et al., 2002; Mitin et al., 2001; Rakhit et al., 2001), and also
has been implicated in NF-xB activation (Briant et al., 1998; Chen and Lin, 2001). Since the
increase in the MEK-MAPK response was observed to coincide only with phase I of NF-xB
activation, this suggests that NF-xB activation in phase II may be mediated by a MEK-independent
pathway.

Further evidence that MEK activation is one of the distinguishing characteristics of the two
phases is shown in Figure 7a. This was from work that found that drug treatments can be used to
influence the phases differentially, thereby further establishing that the two phases are distinct.
Incubating the slice cultures with the neuroprotectant Ampakine following the brief NMDA insult
results in the enhancement of NF-xB activation selectively in phase II. Ampakine modulates the
AMPA receptor-MAPK pathway. Interestingly, neuroprotectant-induced signaling corresponds with
the second phase and actually causes an additive level of transcription factor activation. Thus, the
original idea that neuroprotection is mediated through blockage of NF-«B activation is not true. The
first phase of activation after a toxic insult appears to represent a compensatory repair response,
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while the second phase of the NF-xB response is consistent with delayed pathogenesis that may
explain the increased vulnerability following chronic exposure to mild toxin levels.

NF-xB Activation

MEK Activation

0 5 10 15 20 25
Time

Figure 7. Neuroprotective drug (Ampakine) that modulates the AMPA receptor-MAPK pathway, enhances
NF-«B activation in phase II (a) and not in phase 1. When used alone Ampakine activates MEK over an
extended period (b) unlike transient activation observed following a brief NMDA insult.

As shown in Figure 7b, the Ampakine neuroprotectant alone causes prolonged activation of
MEK. The neuroprotectant has an additive effect on NF-xB activation in phase II but not in phase I,
likely due to the fact that MEK is already fully activated in response to the NMDA insult in the first
phase. Thus, these data suggest that NF-xB activation due to brief excitotoxicity consists of a MEK-
dependent phase I and a MEK-independent phase II. Such studies with receptor modulators are
helping to identify key signal transduction pathways that lead to neuroprotection vs. those that
enhance neuronal vulnerability, and what determines the direction of the signaling path. To further
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establish this distinction, other treatments that activate MEK systems or, alternatively that diminish
such systems, have been assessed. Consequently, this work begins to establish that there are two
distinct phases underlying NF-kB’s activation profile.

With our latest work, we are beginning to understand how a transcription factor can have a
dual role in responding to a single stimulus. Further studies are required to better understand the
separate pathways and to address whether the two phases lead to differential gene transcription.
There are checkpoints and redundancies that enable the correct signal to be carried out and hence,
activation of a single transcription factor can be achieved via multiple receptors, or cascades, to
result in gene transcription. Resolving the two phases as distinct will require full characterization
and will help explain the dual role of NF-xB. Unraveling the nature of how NF-xB activation leads
to opposing responses will shed light into the orchestration of compensatory responses as well as
the cellular compromise that results in neuronal vulnerability.

We recently incorporated gene expression analysis to determine whether NF-xB regulated
genes exhibit differential expression in phase I versus phase II. Because of the dual role of NF-xB
in survival and pathogenic pathways, representative genes of each pathway were monitored to help
establish that phase I and phase II facilitate opposing signaling mechanisms. NF-xB regulates a
variety of genes including those involved in survival, growth, differentiation, and cell maintenance,
as well as inflammation and cell death mechanisms (Pahl, 1999; Barkett and Gilmore, 1999;
Sonenshein, 1997; Perkins, 2000). Bcl-2 is an anti-apoptotic member of the bcl-2 family that is
widely expressed in the nervous system (Boise et al., 1993; Gonzalez-Garcia et al., 1995). It’s
expression was found to be increased early after the excitotoxic insult by RT-PCR, thus a protective
gene is activated in phase I. Bax, also a member of the bel-2 family, is a pro-apoptotic protein
(Oltvai et al., 1993; Ananth et al., 2001). Correspondingly, the expression of this pathogenic gene
was increased only in phase IIL.

Using microarrays, we monitored thousands of genes, focusing on genes that promote
survival vs. those that can enhance neuronal vulnerability. Neurotrophic factors such as nerve
growth factor (NGF) and brain derived neurotrophic factor (BDNF) are involved in neuroprotection
(Glazner and Mattson, 2000; Lipsky et al, 2001), whereas pro-inflammatory proteins have been
implicated in progression of pathology (Adams et al., 1996; Koistinaho et al., 1999; Hewett et al.,
2000). Microarray analyses have confirmed that genes activated initially after the excitotoxic
exposure are those that promote survival, while genes activated during the delayed phase are
consistent with enhancing neuronal vulnerability (Fig. 8). A correlation also exists for which genes
are reduced in expression in the different phases. The latter phase of NF-xB activation may explain
why months after an insult, select brain regions remain acutely vulnerable to mild pathogenic
episodes and accelerated neurodegeneration. In conclusion thus far, NF-«xB activation by an
excitotoxic insult is biphasic, and properties of the initial phase are consistent with neuroprotection
and the second phase with degeneration.

Low-level exposure to agents such as TMT or GD could make tissue more vulnerable by
disrupting signaling elements of the first phase of compensatory responses involving transcription
factors. The dual role of NF-xB following exposure to toxic agents can be resolved by examining
related signaling pathways as well as determining the genes involved. This will expand our
fundamental understanding of the part played by the transcription factor.

13
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Figure 8. Microarray analyses found evidence that genes activated during NF-xB’s first phase are consistent
with pro-survival genes (green), while genes activated during the delayed phase of activation are those that
enhance neuronal vulnerability (red). A correlation also exists for which genes are reduced in expression in
the different phases.
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6. KEY RESEARCH ACCOMPLISHMENTS

a

To be thorough and to extend Specific Aim I for completion, we have identified two
additional classes of receptors that elicit compensatory repair signals similar to those of the
AMPA receptor-MAPK pathway. With the involvement of multiple receptor systems, we
have a better ablhty to identify common 51gnahng elements that potentlally point to
endogenous repair mechanisms.

With the conclusion of Specific Aim I, we established that enhancing signaling through
AMPA receptors, cannabinoid receptors, or adhesion-type receptors leads to neuroprotection
via compensatory signaling in a model of neurotoxin exposure. Although there is occasional
evidence of additive effects between distinct avenues of neuroprotection, e.g., enhancing
MAPK compensatory responses vs. anti-inflammatory action, much of the findings indicate
that efficient repair is elicited by compensatory signals alone. In addition, up-regulation of
endogenous repair signaling facilitated long-term cell survival and synaptic maintenance. As
reported in our 2002 publication (Exp Neurol.), modulation of glutamatergic signaling
linked to MAPK leads to reduction in neuronal damage measured 7-10 days after an
excitotoxic insult in vitro and in vivo.

From experimerits of Specific Aim II, we further established that endogenous repair signals
activated through different receptor systems protect against the effects of environmental
toxin or military threat agent exposure. One study has been accepted for publication, and -
another is in preparation. To be thorough, we also added a mitochondrial toxin (3NP) to our

* list of toxic agents. Mitochondrial dysfunction has been implicated in stroke and age-related

diseases such as Parkinsons, and may be involved in enhancing neuronal vulnerability after
low-level toxin exposure. Recent work shows the same neuroprotectants that act against
TMT and GD also protect against the action of the mitochondrial toxin.

With the conclusion of Specific Aim II, we established that neuroprotectant can be applied

to brain tissue after the toxic exposure and still elicit pronounced levels of cellular repair and

synaptic recovery. More importantly, we discovered that neurons become acutely vulnerable
to damage after low-level chronic exposure to toxic agents such as TMT and GD. While few

pathogenic markers were evident in brain tissue following the chronic exposure, the
resultant increased vulnerability allowed a subsequent minor insult to produce marked levels

of cellular damage and synaptic decline.

~ As part of Specific Aim III, we found that endogenous repair responses involving MAPK

signaling are still effective neuroprotection pathways when stimulated by receptor agonists 3
or even 6 hours after an excitotoxic insult. Thus, there appears to be a prolonged window of
opportunity to activate recovery systems after an insult in order to elicit brain repair.

Furthering the third Specific Aim, we recently found that glutamate receptors, cannabinoid
receptors, and proteoglycan-binding adhesion receptors all activate not only the MAPK
pathway but also the upstream enzyme focal adhesion kinase (FAK), the primary mediator
of integrin signaling. In addition, blocking integrin signaling with antagonist disrupted
MAPK and FAK activation and, correspondingly, enhanced neuronal vulnerability. These
results indicate that integrin-type adhesion responses contribute to endogenous signaling
pathways underlying cellular recovery.
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o Specific Aim III experiments found that the multiple receptor systems being studied also
activate a transcription factor known to facilitate endogenous repair mechanisms. NF-kB is
the transcription factor activated in response to both excitotoxicity and to receptor
activation. NF-xB activation by an excitotoxic insult is biphasic, however, and properties of
the initial phase are consistent with neuroprotection and the second phase with degeneration.
Interestingly, neuroprotectant-induced signaling corresponds with the second phase and
actually causes an additive level of transcription factor activation. Thus, the original idea
that neuroprotection is mediated through blockage of NF-«kB activation is not true. The first
phase of activation after a toxic insult appears to represent a compensatory repair response,
while the second phase of the NF-xB response is consistent with delayed pathogenesis that
may explain the increased vulnerability following chronic exposure to mild toxin levels.

a Recent work under Specific Aim III utilized microarray analyses to find evidence that genes
activated during NF-xB’s first phase are consistent with pro-survival genes, while genes
activated during the delayed phase of activation are those that enhance neuronal
vulnerability. Studies are continuing with receptor modulators to help identify signaling
pathways that lead to neuroprotection vs. those that enhance neuronal vulnerability.

7. REPORTABLE OUTCOMES
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8. CONCLUSIONS »

Glutamate receptors, cannabinoid receptors, and proteoglycan-binding adhesion receptors
can transmit extracellular signals to the nucleus through MAPK and FAK signaling, and our work
shows that, in this way, the receptors produce a compensatory pathway representing a key
neuroprotection avenue. Inhibition of the receptors was shown to potentiate neuronal vulnerability
and, correspondingly, promoting receptor-mediated responses enhanced cellular and synaptic repair.
The studies used the cultured brain slice model, which has been valuable for identifying common
compensatory signals activated in response to different types of neurotoxic insults. With an
increased understanding of signaling pathways that lead to neuroprotection vs. those that enhance
neuronal vulnerability, we are now at the point where key signal transduction elements. can be
identified that determine the direction of the signaling path.

Long after exposure to an environmental toxin or military threat agent, select brain regions
can remain acutely vulnerable to stroke events and age-related neurodegenerative disorders such as
Parkinson’s disease. Similarly, low-level chronic exposure of slice cultures to toxic agents leads to -
increased vulnerability to subsequent insults. Compensatory responses including the activation of
select transcription factors appear to be involved in offsetting the increased vulnerability. It may
indeed be the case that exposures to differently acting toxicants can be treated with the same
protection strategy that exploit endogenous repair systems.
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1. Caba E, and Bahr B.A. Biphasic Response Of NF-xB To Stroke-Type Pathogenesis In
Organotypic Hippocampal Slice Cultures GRASP Pharmacy Research Conference
(2001). ,

Purpose: To investigate the possible involvement of signaling elements-in an excitotoxic
. event. To characterize the two phases of NF-xB activation in a model of stroke
pathogenesis. Methods: Organotypic hippocampal slice cultures were prepared from 12
day old Sprague-Dawley rats. 400 um transverse sections were prepared and maintained
under humidified conditions with 5% CO, at 37°C for 15-20 days before use. Slices were
exposed to 200 pM NMDA, followed by quenching with NMDA and AMPA receptor
antagonists and maintained in culture for 1-24 h. Ampakine modulation was used in the
incubation step to elucidate the mechanism of neuroprotection provided. Results: The
resulting NF-xB activation exhibited a biphasic response profile (ANOVA: p<0.0001)
consisting of a rapid 4-fold increase (p<0.001, post-hoc test), a subsequent decline by
36% after 5 h (p<0.01), and a delayed increase. The latter represented a 6-fold rise from
control levels by 24 h post-insult (p<0.001), and a 53% increase above the peak of the
first phase. A neuroprotectant was used to characterize the biphasic response and to
address whether the biphasic nature explains NF-«B’s dual role in cell signaling. A
potent Ampakine derivative shown to.be neuroprotective through the MAP kinase
pathway was applied to slices at 10-30 pM, causing a progressive increase in ‘NF-xB
activity over 24 h. After an NMDA insult, however, Ampakine modulation produced
only a small change in NF-xB activity measured 0.5-2 h post-insult (NS). Conclusions:
These results suggest that the early NF-xB response is involved in protection since the
extent of activation was not broadened by the neuroprotectant. These data provide
evidence that the early NFkB response to an excitotoxic episode is primarily acting as a
protective compensatory mechanism, as indicated by the inability of a neuroprotectant to
contribute additively. Conversely, a second phase of NFkB activation occurring late after
the excitotoxic event appears to be pathogenic, perhaps proinflammatory. The latter is
indicated by the fact that the delayed NFkB response to the excitotoxin is acting through
a separate mechanism from that produced by the neuroprotectant.
Support: Boehringer Ingelheim, NIH grant 1R43NS38404-01.
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- 2. Bendiske J and Bahr BA, Characterization and slowing of the protein deposition and
synaptic decay cascade in hippocampal slice cultures, Second Neurobiology
Conference: Identifying Accelerators and Brakes of Brain Aging (2001).

Protein deposition in AD is associated with enhanced levels of lysosomal
enzymes. Activation of the lysosomal system may be a compensatory response against
protein deposits. In hippocampal slice cultures, abnormal processing mediated by the
lysosomal disruptor chloroquine (Cqn) led to tau and amyloidogenic deposits,
microtubule destabilization, transport failure, and synaptic decline. As this cascade
progressed, increases in cathepsin isoforms, elastase and B-glucuronidase occurred. To
test whether this lysosomal activation represents a compensatory response, Z-Phe-Ala-
diazomethylketone (PADK) was identified as a positive modulator at low levels,
generating robust up-regulation of lysosomal enzymes (400-600%) over that which
occurred in response to Cqn (70-100%). PADK-mediated modulation was stable for >20
days while synaptic protein levels remained normal. When PADK and Cqn were co-
“infused, Cqn no longer elevated 55-69kDa tau levels. To assess pre-existing conditions,
'Cqn was applied for 6 days after which removing the agent resulted in continued
pathogenesis. Replacing Cqn with PADK after the 6 days led to reduced deposition of
PHF material and APP fragments. Less deposits was linked to restoration of acetylated
tubulin, a marker of stable microtubules. Transport processes lost during Cqn exposure
also were restored by PADK, resulting in up to 70% recovery in expression of synaptic
markers. These data indicate that lysosomal modulation can enhance cellular repair
potential.
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3. CabaE, Giardina C, Rogers G, Bahr BA, Ampakine effects indicate that the biphasic

NF-kB response to excitotoxicity denotes two opposing signaling pathways,
Soc. Neurosci. Abstr., 27, 867.2 (2001).

NF-xB activity was evaluated in hippocampal slice cultures after stroke-type
excitotoxicity. Slices were exposed to 200 uM NMDA for 20 min, followed by
quenching with antagonists. The resulting NF-xB activation exhibited a biphasic
response profile (ANOVA: p<0.0001) consisting of a rapid 4-fold increase (p<0.001,

post-hoc test), a subsequent decline by 36% after 5 h (p<0.01), and a delayed increase.

The latter represented a 6-fold rise from control levels by 24 h post-insult (p<0.001), and
a 53% increase above the peak of the first phase. A neuroprotectant was used to
characterize the biphasic response and to address whether the biphasic nature explains
- NF-«B’s dual role in cell signaling. A potent Ampakine derivative shown to be
neuroprotective through the MAP kinase pathway was applied to slices at 10-30 uM,
causing a progressive increase in NF-xB activity over. 24 h. After an NMDA insult,
however, Ampakine modulation produced only a small change in NF-«kB activity
measured 0.5-2 h post-insult (NS). This suggests the early NF-xB response is involved in
protection since the extent of activation was not broadened by the neuroprotectant. In
contrast, the Ampakine effect was additive during NF-kB’s delayed response to the insult
(+107%, p<0.01). This indicates that Ampakine neuroprotection and the second phase of
NF-xB activation are mediated through two separate mechanisms; the delayed NF-xB
response perhaps is pathogenic. The biphasic nature of its activation may explain why
NF-xB is implicated in both survival and apoptosis (support: Boehringer Ingelheim, U.S.

Army grant DAMD17-99-C9090; NIH grant 1R43NS38404-01).
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4. Suppiramaniam V, Subramaniam T, Kanju PM, Kleene R, Moss A, Premkumar L, Brown Q,
Bahr BA, and Diyatev A, Single channel recordings from mossy fiber synaptosomes:
Evidendce for the presence of high-affinity synaptic AMPA receptors, Soc. Neurosci. Abstr.,
27, 502.10 (2001)

AMPA receptors are primary mediators of fast excitatory neurotransmission. Previous studies
have demonstrated the existence of low and high affinity AMPA receptors and the former being
widely present in synaptic plasma membrane. Our preliminary data indicates the presence of
high affinity AMPA receptors in murine mossy fiber synaptosomes. We have investigated the
single channel properties of AMPA receptors by incorporating synaptosomes into artificial lipid
bilayers. Our study indicates that in the presence of Na',K" and NMDA antagonists 150 oM of
AMPA was sufficient to elicit single channel currents in most (96 %) experiments. These
currents were sensitive to 1M CNQX. Thus our data indicate the existence of high affinity
AMPA receptors in synaptosomes, i.e. synaptically and/or perisynaptically. The two major
conductance states of 10 pS and 50 pS that were observed for the synaptosomal AMPA receptors
are similar to those observed with purified AMPA channels. Further studies are conducted to
confirm the existence of varying conformational states of these receptors in their native
environment. Supported by: NIH/NINDS
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5. .Subramaniam T, Kleene R, Manivannan K, Dityatev A, Bahr BA, and Suppiramaniam V,
Polysialic acid modulates single channel properties of synaptosomal AMPA receptors,
Soc. Neurosci. Abstr., 27, 610.5 (2001).

Polysialic acid (PSA), a homopolymer of sialic acid decorating the neural cell adhesion molecule
(NCAM) is essential for long lasting changes in synaptic efficacy. Our previous studies indicate
that PSA altered the channel properties of purified AMPA receptors reconstituted in artificial
lipid bilayer. This study aimed to demonstrate the modulation of synaptic AMPA receptors by
PSA. We have utilized isolated murine mossy fiber synaptosomes incorporated into lipid bilayers
to analyze the single channel properties of synaptosomal AMPA receptors. Channel recordings
. were made in the presence of 150 nM of AMPA. Addition of colominic acid (bacterially
produced PSA) prolonged the single channel open times in a dose-dependent manner. Burst
analysis revealed that PSA decreased the inter-burst interval and increased the mean burst
duration and duration of openings within the burst without altering the single channel
. conductance.The above findings suggest that PSA, which is expressed in synapses, in activity-
dependent manner may influence synaptic strengthening by modulating AMPA channel
properties. Supported by: NIH/NINDS -

29




6. Chicoine L, Suppiramaniam V, Gianutsos G, Kawasaki BT, and Bahr BA, Sulfated
polysaccharides modulate calcium permeability and binding properties of hippocampal AMPA
receptors, Soc. Neurosci. Abstr., 27, 480.6 (2001).

AMPA-type glutamate receptors have been shown to bind heparin, resulting in a marked
reduction in AMPA binding affinity and a corresponding increase in the open channel lifetime.
In the present study, dextran sulfate was found to be more potent than heparin in altering binding
and channel properties. Further studies were conducted to assess changes in calcium
permeability in primary hippocampal neurons. Calcium-activated fluorescent dyes were loaded
into neurons, and calcium influx was specifically induced by stimulating AMPA receptors.
Dextran sulfate (500 kDa) enhanced the AMPA-induced calcium influx by as much as 50%, and
did so in a similar dose-dependent manner as that found for changes in binding properties
(EC50s: 10 nM). Confocal imaging showed that the increase in calcium permeability occurred in
hippocampal neuronal cell bodies and their processes, and the increase was evident at
concentrations of dextran sulfate as low as 0.1 nM. The effects of dextran sulfate were blocked
by CNQX but not by the NMDA receptor antagonist AP5. The 500 kDa dextran sulfate was
much more effective than smaller forms of the polysaccharide, and non-sulfated dextran was
completely ineffective at altering AMPA receptor binding and channel activities. Together, these
findings suggest that large, sulfated polysaccharides can modulate AMPA receptor properties in
hippocampal neurons. Supported by: NIH grant #IR43NS38404-01
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7. Bahr BA, Bendiske J, Michaelis ML, Georg G, Caba E, and Brown Q, Compensatory
responses in the brain yield new treatment strategies for neurodegenerative disorders,
Soc. Neurosci. Abstr.,27,581.2 (2001).

Injury-induced compensatory responses and neuroprotection were studied in brain slice
cultures. In response to excitotoxicity, MAPK was activated through MEK. We identified
a link between AMPA receptors and MAPK, and found that it functions to reduce
excitotoxic risk. Blocking the AMPA receptor-MAPK pathway enhanced cytoskeletal
vulnerability and NF-kB activation, two responses to excitotoxicity. Correspondingly,
positive modulation of the pathway enhanced recovery from excitotoxic injury. For age-
related studies, lysosomal inhibition was induced over 8 days, revealing a connection
between synaptic decay and abnormal processing of APP and tau. Additional
correspondences to AD-type events occurred including microtubule destabilization,
transport failure, and up-regulation of cathepsin D. The latter compensatory response was
induced with a positive lysosomal modulator in slices with perturbed lysosomes, resulting
in enhanced tau processing, microtubule stability markers (acetyltubulin: Ac-TN), and
synaptic recovery;, such protection was not induced by the AMPA receptor-MAPK
pathway. To determine the role of microtubule stabilization, the Taxol derivative Tx50
was applied to compromised slices causing an 82% recovery in Ac-TN. Interestingly, Ac-
TN correlated with synaptic markers which increased 2-fold. When Tx50 was added-
before synaptic decay, lysosomal dysfunction had no effect. Thus, distinct compensatory
responses waderlie the brain's capacity for self-repair, and microtubule-based transport
mechanisms are particularly targeted by the synaptopathogenic cascade. Support: DOD
DAMD17-99-C9090, NIH 1R43NS38404-01. '
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8. Bendiske J and Bahr BA, Positive lysosomal modulation reverses the PHF-tau
accumulation <> microtubule destabilization <> transport failure <> synaptic
deterioration cascade, Soc. Neurosci. Abstr., 27, 425.15 (2001).

Long-term hippocampal slices were used to define the sequence of, and possible
interactions between, the changes associated with age-related diseases. Such studies
_previously identified a link between abnormal protein processing and synaptic
deterioration, two major correlates observed in Alzheimers. In addition to amyloidogenic
_changes, lysosomal dysfunction induced a distinct series of alterations: 1) increased
levels of phosphorylated tau (p-tau) and aggregates recognized by antibodies to human
PHF-tau, 2) reduced levels of acetylated tubulin - a marker of stable microtubules (MTs),
and 3) loss of transport capability. To test if such a cascade is indeed responsible for the
loss of synaptic proteins, we utilized positive lysosomal modulation. When a modulator
was applied to slices expressing all steps of the noted cascade, there was a 4-6 fold
increase in cathepsin D, a lysosomal enzyme whose action may explain the
corresponding decline in p-tau levels. The enhanced lysosomal capacity also caused the
diminished levels of acetylated tubulin to be increased 2-3 fold, suggesting that MT
stabilization was positively affected. Finally, pre- and postsynaptic markers indicated that
lysosomal modulation reversed the pathogenic cascade, resulting in a 71% recovery
(p<0.0001). In control slices, lysosomal modulation increased cathepsin D levels without
changing any of the other parameters. The identified cascade is confirmed by the
correlative events evident during both the pathogenic and protective directions. These
data indicate that early stages of age-related disorders can be treated by targeting the
initial step in the synapmpathogenic cascade.
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9. Emgard M, Karlsson J, Bahr BA, Brundin P, and Blomgren K, The majoritylof cell death
occurs early after intracerebral grafting of ventral mesencephalic tissue: A role for calpain
activation. Soc. Neurosci. Abstr., 27, 425.15 (2001)

Neural transplantation is an experimental treatment for Parkinson's disease, however, only
around 10% of the implanted neurons survive the procedure. Earlier studies have indicated that a
large proportion of the grafted cells die during graft tissue preparation and within the first few
days after intracerebral implantation. The present study was designed to reveal cell death in
intrastriatal grafts, starting at 90 minutes after implantation, compared to the prevalence of cell
death after 1, 3, 6 and 42 days. We identified abundant degenerating cell profiles soon after
grafting using Nissl stained semithin sections. We used a hairpin probe to detect specific DNA
breaks and antibodies against caspase-3 to monitor apoptotic cell death. In addition, we studied
calpain activation in grafted cells and host striatum using immunohistochemistry for a calpain-
specific fodrin breakdown product. The results indicate that there is a marked calpain activity
already at 90 minutes and that the majority of the implanted cells die within 6 days after grafting.
Therefore, we speculate that several different mechanisms of cell death may occur in ventral
mesencephalic transplants. This implies that future efforts to further enhance the survival of
grafted dopamine neurons should not only focus on anti-apoptotic strategies but also consider the
use of calpain inhibitors to counteract other types of cell death.

Supported by: Swedish Medical Research Council, Swedish Society for Medical Research,
 Swedish Parkinson’s Disease Foundation, National Society for Neurologically Disabled.
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10. Bahr BA, Caba E, Giardina C, Brown QB, and Bendiske J, Biphasic NF-xB
' activation in brain tissue denotes protective and pathogenic signaling pathways, Mol.
Biol. Cell, 12 (Suppl.), 2233 (2001).

Following a 24-h recovery period, a further increase of 73% (p<0.01; n=13) was
observed, suggesting a biphasic nature in NF kB’s response during post-insult recovery. -
In an attempt to discriminate between protective and proinflammatory response
components, additive effects were tested with a potent Ampakine (Cortex Pharm.), a -
neuroprotectant that appears to act through MAP kinase pathways to reduce excitotoxin-
induced cytoskeletal damage (p<0.01) and pre- and postsynaptic decay. Ampakine alone
(10-20 uM) indeed caused an approximate 2-fold increase in NFkB activation after 1-5 h
incubation (p=0.02), and a 6-fold increase after 24 h (p<0.0001). When applied after the
20-min NMDA treatment, however, Ampakine only produced a small additive effect on
NFKB activity at 1-5 h post-insult (31 + 20%) which was not significant. Interestingly,
Ampakine did have an additive influence on the NMDA-mediated response (108 + 41%,
p=0.01; n=13) at 24 h post-insult. These data provide evidence that the early NFkB
response to an excitotoxic episode is primarily acting as a protective compensatory
mechanism, as indicated by the inability of a neuroprotectant to contribute additively.
Conversely, a second phase of NFkB activation occurring late after the excitotoxic event
appears to be pathogenic, perhaps proinflammatory. The latter is indicated by the fact that
the delayed response to the excitotoxin is clearly acting through a separate mechanism
from that produced by the neuroprotectant Ampakine (USAMRMC grant DAMD17-99-
C9090, NIH grant 1R43NS38404-01).
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'11. Munirathinam S and Bahr BA, Low-level soman exposure leads to synaptic damage
in the hippocampus and potentiates neuronal vulnerability. The Toxicologist (Society
of Toxicology), 58, 1551 (2002).

Hippocampal slice cultures were used to examine the action of the organophosphate
agent soman (GD). Soman is known to inhibit acetylcholinesterase, causing accumulation
of ACh, but it also appears to increase glutamate release to promote seizure-related
damage. In the present study, the effects of low concentrations of soman on hippocampal
tissue were assessed over an extended series of exposures. Single application was used to
induce a period of toxicity until agent hydrolysis, and this was repeated daily for one
week. No evidence of degeneration was found after the first day of treatment, however,
dose-dependent declines in pre- and postsynaptic proteins occurred after a week. The
decline in synaptophysin was evident at the 100-nM dose of soman, and further reduction
was found at 20 uM (ANOVA: p=0.001, F=9.7). Synaptophysin was reduced throughout
the hippocampus, especially in dendritic fields of CAl and in the molecular layer of the
dentate gyrus. Synaptic toxicity appears first since overt cellular pathology was not
visible in the three subfields. The decline in the postsynaptic GluR1 subunit was only
evident at the 20-uM soman dose (p<0.001, F=11.8). Soman also elicited a pronounced
increase (p<0.01) in spectrin breakdown mediated by calpain, a protease known to cause
neurodegeneration in response to glutamate-induced excitotoxicity. Interestingly, while
no degeneration was found after the first day of soman treatment, pathogenic changes did
occur when the soman insult was combined with a trimethyltin (TMT) insult - TMT is
known to cause seizures and hippocampal damage. A 1-h TMT exposure did not cause
appreciable synaptic deterioration or spectrin breakdown in control slices, however, robust
levels of degeneration were evident when such a TMT insult was followed by a single
application of soman. Thus, low-level soman exposure causes synaptic damage in the
hippocampus and potentiates vulnerability to other types of toxic insults. Supported by
U.S. Army Med. Res. grant DAMD17-99-C9090, and NIH grant 1R43NS38404-01.
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In the brain, a-amino-3-hydroxy-5-methyl-4-isox-
azolepropionate (AMPA) receptors mediate glutama-
tergic neurotransmission and, when intensely acti-
vated, can induce excitotoxic cell death. In addition to
their ionotropic properties, however, AMPA receptors
have been functionally coupled to a variety of signal
transduction events involving Src-family kinases,
G-proteins, and the mitogen-activated protein kinase
(MAPK). In the present study, we tested whether
AMPA receptors are linked to appropriate signaling
events in order to prevent neuronal injury and/or en-
hance recovery. AMPA stimulation in hippocampal
slice cultures caused the selective activation of MAPK
through the upstream activator MAPK kinase (MEK).
Inhibition of either component of the AMPA receptor-
MAPK pathway potentiated cellular damage due to
serum deprivation, suggesting that this pathway facil-
itates compensatory signals in response to injury. Cor-
respondingly, positive modulation of AMPA receptors
with the Ampakine 1-(quinoxalin-6-ylcarbonyl)piperi-
dine (CX516) enhanced MAPK activation and reduced
the extent of synaptic and neuronal degeneration re-
sulting from excitotoxic episodes. CX516 was neuro-
protective when infused into slices either before or
after the insult. The Ampakine derivative also elicited
neuroprotection in an in vivo model of excitotoxicity
as evidenced by reduction in lesion size and preserva-
tion of two different types of neurons. Interestingly,
the AMPA receptor-MAPK pathway selectively pro-
tects against excitotoxicity since enhancing the path-
way did not protect against the nonexcitotoxic, slow
pathology initiated by lysosomal dysfunction. The re-
sults indicate that glutamatergic communication is
important for cellular maintenance and that AMPA
receptors activate survival signals to counterpoise
their own excitotoxic potential. o 2002 Eisevier Science (USA)

Key Words: AMPA i‘eceptors; Ampakine CX516; com-
pensatory signals; excitotoxicity; MAP kinase; spec-
trin breakdown.

INTRODUCTION

AMPA-type glutamate receptors have been studied
for their role in synaptic plasticity, learning and mem-
ory, and several types of neuropathologies. Glutamate
is the major excitatory amino acid in the brain and this
neurotransmitter facilitates the fast component of ex-
citatory communication through AMPA receptors (19).
AMPA receptors not only express ionotropic properties
but also transmit extracellular signals to the nucleus of
cultured neurons through the MAPK signaling path-
way (18, 28, 37, 38). The connection between AMPA
receptors and MAPK expands the potential roles for
glutamatergic responses. The MAPK cascade is in-
volved in a myriad of processes including hippocampal-
mediated learning (4, 12) and the neuroprotective ac-
tions of nerve growth factor (21), estrogen (11, 34), and
other hormones (13, 17, 21). While AMPA receptors
provide the necessary hippocampal activity for memory
encoding and retrieval (29), it is not known whether
such glutamatergic transmission participates in neu-
roprotective survival signaling.

While excessive glutamatergic activity through
AMPA receptors is no doubt a critical feature of the
excitotoxic damage associated with ischemia (14, 27,
33), low-level stimulation of AMPA receptors by endog-
enous glutamate has been shown to enhance the sur-
vival of cultured hippocampal neurons (10). In addi-
tion, McKinney et al. (26) recently found evidence that
AMPA receptor activation by spontaneous vesicular
release of glutamate promotes synaptic maintenance
in hippocampus. Because AMPA stimulation elevates
trophic signaling through a MAPK-dependent pathway
(18), we expected that AMPA receptors might activate
repair mechanisms following pathogenic insults. Here,
we demonstrate that AMPA receptors can be positively
modulated to promote the MAPK signaling pathway
and, correspondingly, to prevent fatal levels of cellular
damage after pathogenic insults in hippocampal slice
cultures and in the adult brain. -

0014-4886/02 $35.00
© 2002 Elsevier Science (USA)
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MATERIALS AND METHODS

* Organotypic hippocampal slice cultures. Sprague-
Dawley rat litters (Charles River Laboratories, Wil-
mington, Massachusetts) were housed in accordance
with guidelines from the National Institutes of Health.
Animals 11-12 days postnatal were sacrificed by isoflu-
rane anesthesia and decapitation. Transverse slices of
hippocampus (400 pm) were then quickly prepared,
maintained on Millicell-CM inserts (Millipore Corpora-
tion, Bedford, MA), and periodically supplied with
fresh media composed of 50% basal medium Eagle,
25% Earle’s balanced salts, 25% horse serum, and de-
fined supplements (6, 8). Slices were allowed to mature
for 15-20 days in culture before used in experiments.

MAPK activation. Slice cultures were treated with
or without 100 uM AMPA for 0.5-3 min in the absence
or presence of 30 uM CNQX or 50 uM APS. Other slices
received 100 uM 1-(quinoxalin-6-ylcarbonyl)piperidine
(CX516) for 5-60 min in the absence or presence of 50
pM PD 98059. The culture inserts were then rapidly
flooded with ice-cold homogenization buffer containing
0.32 M sucrose, 5 mM HEPES (pH 7.4), 1 mM EDTA, 1
mM EGTA, 1 uM okadaic acid, 10 nM calyculin A, and
the protease inhibitors aprotinin, leupeptin, bestatin,
E-64, pepstatin A (each at 2 pg/ml), and 4-(2-amin-
oethyl)benzenesulfonyl fluoride (0.3 mM). Each condi-
tion used 8-10 groups of six to eight slices each. MAPK
activation was assessed with antibodies that recog-
nized the phosphorylated catalytic core of active ERK
isoforms.

Induction of neuropathology. To test for potenti-
ated neurodegeneration, cultured slices were treated
with CNQX (30 uM) or the MEK inhibitor U0126 (20
uM) under control or serum-free conditions for 24 h.
For induction of excitotoxic pathology, slices were pre-
incubated for 2 h with or without CX516, at a concen-
tration of 100 uM unless stated otherwise, and then
subjected to a 15-min AMPA (100 pM) or 5-h TMT (100
uM) exposure. After removal of the toxins, the cultures
were subsequently quenched with media containing 40
pM CNQX and 20 uM MK-801 for 20 min. Fresh media
with or without CX516 was then supplied and the
slices maintained in culture for 1-10 days before being
prepared for immunoblotting and immunocytochemis-
try. To induce lysosomal dysfunction, 60 uM chloro-
quine was infused into slice cultures that were prein-
cubated with or without 100 uM CX516. The chloro-
quine treatment continued for 3-9 days in the absence
or presence of CX516. Treatment groups (n = 4-6 per
time point) were staggered so that all slices were har-
vested on the same day, at which time they were
washed thoroughly in serum-free media and prepared
for subsequent analyses. All compounds were freshly
solubilized and the solutions were titrated to pH 7.3
and sterile filtered.

BAHR ET AL.

Immunoblot analysis. Slice cultures were gently
removed with a soft brush and homogenized in groups
of six to eight using ice-cold homogenization buffer.
Protein content was determined with a BSA standard
and equal aliquots of the slice samples were denatured
in sampling buffer for 5 min at 100°C, then separated
by 4-16% SDS-PAGE and blotted to nitrocellulose.
Immunodetection was accomplished by incubation
overnight at 4°C with anti-active MAPK (Cell Signal-
ing, Beverly, MA), monoclonal anti-ERK1/ERK2
(Zymed Laboratories, South San Francisco, CA), anti-
active JNK2 (Promega, Madison, WI), affinity-purified
antibodies to calpain-mediated spectrin fragment
BDPy (9), monoclonal anti-synaptophysin (Boehringer
Mannheim, Indianapolis, IN), and affinity-purified an-
tibodies to the AMPA receptor subunit GluR1 (7). Sec-
ondary antibody incubation utilized anti-IgG-alkaline
phosphatase conjugates, and color development used
the 5-bromo-4-chloro-3-indolyl phosphate and ni-
troblue tetrazolium substrate system. Color develop-
ment of immunoreactive bands was terminated before
maximal intensity was reached in order to avoid satu-
ration and to ensure a linear relationship with increas-
ing amount of sample protein. Bands were scanned at
high resolution to determine integrated density with
BIOQUANT software (R & M Biometrics, Nashville,
TN).

Histology. Slices were rinsed with 0.1 M phosphate
buffer (PB), pH 7.4, and fixed for 2 h in cold PB plus 4%
paraformaldehyde. Slices were then cryoprotected and
carefully removed from the insert, and serial sections
were cut at 20-pm thickness and mounted on gelatin-
coated slides. Sections were immunolabeled with anti-
active MAPK and anti-BDPy using the avidin-biotin—
peroxidase technique (Vector Laboratories, Burlingame,
CA) and 3,3'-diaminobenzidine as the chromogen (6, 8).
To measure area of BDPy immunostaining (pm?),
threshold digitization was used utilizing the BIO-
QUANT image analysis system linked to an Olympus
AX70 microscope. Thresholding was set so that >90%
of the punctate immunoreactivity in the neuropil reg-
istered as area stained in AMPA-treated slices. The
percentage of total immunostaining above threshold
was similar in slices treated with or without CX516.
The established threshold criteria consistently found
no staining in control slices. For cell counts, sections
from slices were stained with cresyl violet. The average
number of neurons across three viewfields of 6.5 x 10*
pm?’ per slice was obtained using the BIOQUANT sys-
tem, and percentage loss was calculated by comparing
treated vs untreated slice groups. In CAl, adjacent
viewfields were selected in CA1b and the initial area of
CAlc. For CA3, three adjacent viewfields were selected
from the zone immediately before the dentate gyrus
envelope. Granule cells of the stratum granulosum
were counted in three adjacent viewfields selected from
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the middle segment of the inner blade. Pyramidal neu-
rons with characteristic morphological features, re-
duced cytoplasmic staining, and dense nuclear staining
with inclusions were counted as pyknotic nuclei.
Means * SEM were determined from 8-16 slices per
group and compared by ¢ test or ANOVA.

NF-xkB activation. Nuclei were prepared from cul-
tured slices homogenized in ice-cold nuclear extract
buffer consisting of 20 mM HEPES (pH 7.9), 100 mM
NaCl, 1.5 mM MgCl,, 0.5 mM EDTA, 0.7% IGEPAL
CA-630, 10% glycerol, 2 pg/mL leupeptin, 5 pg/mL
aprotinin, and freshly added 0.1 mM PMSF and 0.5

" mM DTT. Centrifugation at 6500 rpm was used to

wash the pellet twice, and then the pellet material was
resuspended and incubated in high-salt buffer contain-
ing 0.5 M KCI for 30 min at 4°C. After a final centrif-
ugation at 13,000 rpm for 30 min, the supernatant was
collected and protein concentration determined with a
BSA standard. Equal protein (7.5 pg) was added to the
electrophoretic mobility shift assay mixture containing
166 pg/mL poly(dIdC) and 50 pg/mL BSA. The mixture
was incubated on ice for 20 min and then at room
temperature for 15 min with the P*-labeled consensus
oligonucleotide recognized by NF-xB (Promega). Su-
pershift analyses included incubating samples for 20
min with antibodies to the p50 subunit (Santa Cruz
Biotechnology, Santa Cruz, CA) before DNA-protein
complexes were resolved by 4% native PAGE and visu-
alized by Kodak X-OMAT film autoradiography.

In vivoexcitotoxicity. Inadult male rats under pen-
tobarbital anesthesia (8—10 per treatment), 50 nmol
AMPA in 2 pL. PBS were coinjected with 0-900 nmol
CX516 slowly into the right striatum. Control animals
received injections of vehicle only or 600 nmol CX516.
Lesion extent (mean volume * SEM) was determined
24 h postinjection by magnetic resonance imaging
utilizing a Biospec 47/15 spectrometer (Bruker,
Karlsruhe, Germany). The radiofrequency probe was
an Alderman—Grant-type resonator with an inner di-
ameter of 40 mm and 50 mm in length. Eight coronal
sections of 1.5 mm thickness were analyzed between
2.5 and 13 mm anterior to the intraaural line. Image
analysis was conducted in a blind manner and with the
following parameters: 60-ms spin echo delay, 2-s repe-
tition delay, and a spatial resolution of 0.16 X 0.16
mm? (viewfield of 40 X 40 mm?). The lesion area in
each section was measured by semiautomated segmen-
tation based on intensity thresholding, and the lesion
volume was calculated from the pixel dimension and
total thickness of sections. At 7 days postinjection, the
animals were sacrificed and the cortices and striata
from ipsilateral and contralateral hemispheres were
rapidly dissected, weighed, and prepared for enzymatic
assays. Tissue homogenates were prepared in 0.5%
Triton X-100, 0.1 mM pyridoxal phosphate, and 1 mM
mercaptoethanol and assessed for choline acetyltrans-
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FIG. 1. AMPA receptors are linked to the activation of ERK1/
ERKZ MAPK in hippocampal slice cultures. Untreated slices and
slices exposed to AMPA for 2 min in the absence or presence of CNQX
or AP5 were assessed for the phosphorylated active forms of ERK1
and ERK2. (b) Slices were treated with the AMPA receptor modula-
tor CX516 for 60 min in the absence or presence of the inhibitor of
MEK activation PD 98059. (c) Slices were treated with CX516 and
AMPA for the noted times and mean integrated density of the phos-
phorylated active form of ERK2 was determined by immunoblot
(£SEM). Unpaired, two-tailed ¢ tests: *P < 0.005 compared to
untreated slices; ++P = 0.01 compared to AMPA-treated slices.

ferase (CAT) and glutamic acid decarboxylase (GAD)
activities (16, 24). The percent change in enzymatic
activity in the injected vs uninjected sides of the brains
was determined (mean = SEM).

Statistical analyses. Mean integrated densities for
antigens in slice samples treated with or without an
inhibitor were compared using unpaired, two-tailed ¢
tests. Ampakine-induced immunestaining of phospho-
ERK2Z, was compared to the integrated density from
control samples using the unpaired, two-tailed ¢ test.
The difference between the mean area of BDPy immu-
nostaining in AMPA-insult slices vs control slices was
determined by the two-tailed ¢ test. Regional analyses
of immunostained area or percentage cell loss were
assessed by one-way ANOVA. Neuroprotective effects
on the mean number of neurons or pyknotic nuclei per
6.5 X 10*-pm? viewfield were determined by unpaired
t tests. Dose-dependent studies assessed protection
against an excitotoxic insult in vitro or in vivo across
three dosages of Ampakine using the one-way ANOVA.
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FIG. 2. (above) ERKI/ERK2 MAPK activation in hippocampal neurons. Control slices (a, b), slices treated with AMPA for 3 min (c) or
with Ampakine CX516 for 5 min (d), and slices subjected to a 3-min AMPA exposure followed by 20 min with CX516 (e, f) were fixed,
sectioned, and stained with anti-active MAPK antibodies. Subfield CA1l is shown at high power in (b), (d), and (f). DG, dentate gyrus; sg,
stratum granulosum; sp, stratum pyramidale; sr, stratum radiatum. Scale bar: a, ¢, e, 500 pm; b, d, f, 50 pm.
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FIG. 3. Inhibition of the AMPA receptor-MAPK pathway pro-
motes neurodegenerative processes. Cultured hippocampal slices
were treated with the AMPA receptor antagonist CNQX or with the
MEK inhibitor U0126 under control or serum-free conditions for
24 h, and then analyzed by immunoblot for calpain-mediated spec-
trin breakdown product (BDP) and the AMPA receptor subunit
GluR1.

RESULTS

MAPK isoforms (ERK1/2) are activated when phos-
phorylated on Thr and Tyr residues of their catalytic
core by the kinase MEK. Stimulation of AMPA recep-
tors in hippocampal slice cultures caused rapid MAPK
activation as indicated by enhanced staining of ERK1
(p44) and ERK2 (p42) with an antibody that specifi-
cally recognizes the dually phosphorylated isoforms
(Fig. 1a). Increased MAPK activation found after as
little as 30 s was similar to that measured after 2-3
min of AMPA exposure, and the effect was blocked by
the AMPA receptor antagonist CNQX (P = 0.01) but
not by the N-methyl-p-aspartate (NMDA) receptor an-
tagonist AP5. These results indicate that stimulation
of AMPA receptors modulates the MAPK signaling
pathway in hippocampus.

AMPA receptor activation can be positively influ-
enced by allosteric modulators that increase gluta-
mate-mediated neurotransmission (2, 3, 35). Such pos-
itive modulation by the Ampakine CX516 also in-
creased the levels of active ERK1/ERK2 (Fig. 1b) and

this induction was completely blocked by PD 98059
(=122 = 11%, mean = SEM; P < 0.0001), a specific
inhibitor of MEK activation (1). Immunodetection of
total MAPK (active and inactive ERK1/ERK?2) in par-
allel immunoblot samples indicated that no change in
MAPK protein levels was produced by AMPA (data not
shown) or CX516 alone (Fig. 1b) during the time of
kinase activation. In addition, the activation of MAPK
was not associated with modulation of the c-Jun N-
terminal protein kinase (JNK) pathway. AMPA treat-
ment in cultured hippocampal slices had no effect on
the level of phosphorylated active JNK2 enzyme (98 +
17% of levels in control slices), nor were the levels
changed by positive modulation of AMPA receptors
(104 = 19%).

Next, we tested whether allosteric modulation pro-
motes AMPA-induced activation of MAPK. Slice cul-
tures treated with CX516 for 5-60 min exhibited an
approximate twofold increase in activated ERK2 levels
(P < 0.0001; Fig. 1c). The Ampakine treatment was
able to sustain the enhanced phosphorylation of MAPK
isoforms for several hours (data not shown), at a level
similar to the twofold increase produced by brief AMPA
exposure (Fig. 1c). Interestingly, CX516 further en-
hanced the AMPA-induced MAPK activation by 75%,
thereby causing a total increase in activated ERK2 of
3.5-fold over the control levels (P < 0.0005; Fig. 1c).
While only faint anti-active MAPK immunostaining
was observed in control slices (Figs. 2a and 2b), phos-
pho-MAPK-immunopositive cells were abundant in the
stratum pyramidale of field CAl in slices exposed to
AMPA for 3 min (noted by arrows in Fig. 2c). The
immunostaining was less intense in the CA3 subfield
and the dentate gyrus, and no specific immunoreactiv-
ity was detected when the primary antibody was elim-
inated from the staining procedure. Phospho-MAPK
staining in slices incubated with the Ampakine CX516
alone exhibited similar regional selectivity as that pro-
duced by AMPA, and the immunoreactivity was pri-
marily restricted to the cytoplasm of pyramidal neu-
rons (Fig. 2d). The additive effect of CX516 and AMPA
was pronounced in field CA1 (Fig. 2e), where the phos-
pho-MAPK immunostaining appeared to be both soma-
todendritic and nuclear (Fig. 2f; arrows indicate la-
beled apical dendrites).

FIG. 6. (previous page) Positive modulation of AMPA receptors by CX516 promotes cell survival. (a) Hippocampal slice cultures were
treated with (insult) or without (control) AMPA for 15 min following the protocol described under Materials and Methods. A subset of the
insulted group of slices received CX516 2 h prior to the insult. The slices were fixed 24 h postinsult and then sectioned and stained with cresyl
violet. Photomicrographs of field CA1 are shown and pyknotic nuclei are noted with arrows (scale bar: 27 pm). (b) Calpain-mediated spectrin
BDP was assessed as in Fig. 5, and cell counts were determined for Nissl-stained pyramidal neurons and granule cells in those slices
subjected to the AMPA insult only. Specific BDP immunoreactivity was determined by image analysis and percent cell loss was calculated
as compared to control slices (mean * SEM). (c) Counts of pyramidal neurons (left three bars) and pyknotic nuclei (right bars) in area CA1
were determined to assess CX516-mediated neuroprotection. The mean number per 6.5 X 10*-um?® viewfield is shown for each condition

(=SEM). *P < 0.01, unpaired ¢ test compared to insult-alone data.
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FIG. 4. Inhibition of the AMPA receptor-MAPK pathway pro-
motes NF-xB activation. Cultured slices were subjected to the AMPA
receptor antagonist CNQX, the MEK inhibitor U0126, or serum
deprivation for 24 h. The slices were harvested and nuclear protein
extracts were assessed for the DNA binding activity of NF-xB in the
absence (arrows) or presence of anti-p50 antibodies as described
under Materials and Methods. For each of the three conditions, the
activated NF-«xB contains the p50 subunit as supported by the su-
pershift (arrowheads).

Cell-surface signal transduction through the link be-
tween AMPA receptors and MAPK may play a role in
neuronal maintenance. In support of this, hippocampal
slice cultures were found to be more vulnerable to
neurodegeneration when AMPA receptors were
blocked by CNQX for 24 h. Spectrin breakdown product
BDP, a marker of excitotoxicity and other types of
neurodegenerative events (36), was specifically labeled
with antibodies to the cleavage site recognized by the
calcium-dependent protease calpain (9). CNQX in-
creased the level of spectrin BDP resulting from serum
deprivation, and caused a corresponding ~50% decline
in the carboxyl-terminal staining of postsynaptic
marker GluR1 (Fig. 3, upper blots). The serum depri-
vation-induced damage may involve excitotoxic mech-
anisms as previously indicated in dopaminergic neu-
rons (31). CNQX also caused activation of NF-«kB (Fig.
4), a transcription factor known to be activated in re-
sponse to pathogenic episodes (25). Similar evidence of
enhanced vulnerability was found when the MAPK
component of the AMPA receptor-MAPK pathway was
disrupted with the MEK inhibitor U0126. Spectrin
breakdown exhibited a pronounced increase and the
GluR1 labeling decreased by 60% when serum depri-
vation was combined with U0126 for 24 h (Fig. 3, lower
blots). MEK inhibition alone also caused NF-«B acti-
vation of similar magnitude as that produced by the
withdrawal of serum (Fig. 4). These data indicate that
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the AMPA receptor-MAPK link is important for cellu-
lar maintenance.

Since disruption of the AMPA receptor—-MAPK path-
way potentiated neurodegeneration, we tested whether
enhancing this pathway promotes neuroprotective
compensatory signals. For this purpose, we used the
Ampakine modulator CX516 to enhance the AMPA
receptor-MAPK pathway in the cultured hippocampal
slice preparation. Slice cultures were exposed to the
agonist AMPA for 15 min, and then the intense neuro-
nal stimulation was rapidly quenched with glutamate
receptor antagonists before slices were monitored for
cellular damage. Immunocytochemical analysis with
antibodies to calpain-mediated spectrin BDP revealed
that CA1 neurons and dendritic puncta exhibit marked
levels of cytoskeletal proteolysis 24-36 h after the ex-
citotoxic insult (Fig. 5, middle). A separate group of
slices was preincubated with the allosteric modulator
CX516 and continually exposed to the Ampakine dur-
ing the AMPA treatment and postinsult period. As
shown in the bottom panels of Fig. 5, CX516 caused a
dramatic decrease in the number of neurons exhibiting
cytoskeletal damage after the recovery period. Total
BDP immunostaining was significantly reduced in
both the stratum pyramidale layer (P < 0.01) and the
synapse-rich dendritic zone of the stratum radiatum
(P < 0.03) as determined by image analysis.

Cytoskeletal degradation resulting from the excito-
toxic exposure was associated with cell death. Cresyl
violet-stained sections from hippocampal slice cultures
revealed a decrease in CAl neuron density as well as
an increase in pyknotic nuclei 24 h postinsult (Fig. 6a).
Upon examining the three hippocampal subfields (Fig.
6b), CAl-selective damage was evident with regards to
both BDP immunostaining (ANOVA: P = 0.01) and
percent cell loss (P = 0.001). Thus, a correspondence
exists between the vulnerability to spectrin breakdown
and cell death, suggesting that once a certain threshold
of cytoskeletal damage is surpassed, the likelihood of
cellular recovery is reduced. Related to this, the ability
of the Ampakine modulator CX516 to reduce the extent
of cytoskeletal breakdown after an excitotoxic insult
indeed corresponds with its ability to prevent neuronal
death and pyknotic changes (Figs. 6a and 6c).

The neuroprotective action of Ampakine CX516 was
tested for selectivity in hippocampal slice cultures. As
in the case against the excitotoxic action of AMPA,
CX516 promoted recovery from exposure to TMT, a
potent neurotoxin that initiates seizures and selective
damage to hippocampal field CA3 by the overstimula-
tion of glutamate receptors (9, 15, 20). Slice samples
were prepared 24 h postinsult and analyzed for BDP,
synaptophysin, and the AMPA receptor subunit GluR1
(Fig. 7a). CX516 almost completely eliminated the
spectrin breakdown and the reductions in pre- and
postsynaptic markers produced by a 5-h TMT expo-
sure. The neuroprotectant action was dose-dependent
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FIG. 5. Positive modulation of AMPA receptors by CX516 promotes cytoskeletal repair. Cultured slices were untreated (control) or
subjected to a 15-min exposure to AMPA (insult) as detailed under Materials and Methods. The third group of slices had CX516 present
throughout the experiment beginning 2 h prior to the insult. Slices were analyzed for calpain-mediated spectrin breakdown product 36 h
postinsult. Field CA1 is shown at high power on the right. DG, dentate gyrus; sp, stratum pyramidale; sr, stratum radiatum. Scale bar: left,

300 gem; right, 40 pm.

and similar in extent to that produced against AMPA-
induced excitotoxicity (Fig. 7b). Cytoskeletal protection
was evident against both types of toxic exposures
(ANOVA: P < 0.0001 each) when comparing blot sam-
ples from insulted slices (n = 14-27 samples) with
those that also received CX516 (n = 10-17). Ampakine
modulation also enhanced synaptic maintenance in a
dose-dependent manner in the TMT-insult (P <
0.0001) and AMPA-insult slices (P = 0.01), resulting
in- synaptic marker levels similar to these found in
control slice cultures (n = 18-22). These results are of
particular significance because CX516 was not infused
into the slices until after the 5-h insult in the TMT
experiment, whereas it was preincubated with slices
before the AMPA insult. When AMPA receptor modu-
lation was initiated after the 15-min AMPA exposure,
the resulting reduction in cytoskeletal breakdown
(=70%; P < 0.001) and recovery of synaptophysin
(91%; P < 0.001) were comparable to the protection
elicited by the preincubation protocol.

The above data indicate that modulation of AMPA
receptors and the AMPA receptor—-MAPK pathway
elicits protection against pathogenic events involving
the excitotoxic activation of glutamate receptors. Sur-
prisingly, the allosteric modulation had no protective
effect against nonexcitotoxic pathology. That is, the
gradual loss of synaptic markers that occurs with ly-
sosomal perturbation (6) was not influenced by CX516.
Slice cultures incubated with the lysosomal inhibitor
chloroquine exhibited steady declines in synaptophy-
sin and GluR1 labeling after 3-9 days of treatment,
and the declines were not attenuated by a 1-day pre-
incubation and regular application of fresh CX516 (Fig.
7¢). Six groups of slices treated with CX516 alone for 9
days expressed normal levels of the synaptic markers.
More extensive dose-response analyses will be re-
quired to fully address possible differences in CX516
protection in acute vs chronic insult models.

Further studies were conducted to test whether pos-
itive modulation of AMPA receptors elicits protection




44 BAHR ET AL.

a -+ 4+ TMT
e o 20 10 CX516,uM

TMT-insult

o,

b AMPA-insult

&

¥ is

= -

£ k2 'fé

g C
ne a 20 100
incatt  CXS$6, pM

LY

synaptophysin

3 8 8 3 & 8
Lysosomal Dysfunction, days

FIG. 7. Ampakine CX516 promotes selective neuroprotection in
hippocampal slice cultures. (a) Slice cultures were treated with TMT
for 5 h as described under Materials and Methods, and the 24-h
recovery period was in the absence or presence of CX516. Slice
samples were assessed by immunoblot for spectrin BDP, synapto-
physin, and GluR1. (b) BDP and synaptic marker measures from the
TMT-insult experiment are shown with those obtained from the
15-min AMPA-insult protocol where CX516 application was initiated
before the insult (mean integrated densities = SEM). (c) Slices were
preincubated for 24 h with (closed circles) or without CX516 (open
circles), followed by the addition of chloroguine to induce lysosomal
dysfunction. Groups of slices were harvested and analyzed for syn-
aptophysin and GluR1 levels (mean * SEM).

against excitotoxicity in vivo. In order to initiate an
excitotoxic insult in adult rats, 50 nmol of AMPA were
locally applied to the right striatum with an injection
track through the cortex. MRI analyses conducted 24 h
later showed that the induced excitotoxicity produced
marked unilateral damage (see arrow in Fig. 8b), while
no lesion was evident in animals injected with vehicle
only (Fig. 8a). Besides the expected damage in the
striatum, administered AMPA extending into the in-
jection track caused additional lesion formation in the
cortex. When the Ampakine CX516 was coinjected with
the excitotoxin, the lesion extent was dramatically re-
duced (Fig. 8c). The neuroprotection was found to be
significant and dose-dependent (analysis of variance:

P < 0.02), attenuating the AMPA-induced lesion size
by as much as 64% (Fig. 8¢). As a control, CX516
injected alone caused no damage, in contrast to the
sizable lesion volume produced by AMPA (see Fig. 8d).
To assess long-term neuroprotection, ipsilateral and
contralateral brain areas were dissected 7 days postin-
jection and enzyme markers for cholinergic (CAT) and
GABAergic neurons (GAD) were measured. Within-
animal comparisons found that the neuronal markers
were significantly reduced in the lesioned vs unle-
sioned hemispheric tissue by 46-72% (P < 0.01). Cor-
responding with the MRI data, the enzyme reductions
occurred in both the striatum and the adjacent cortical
tissue. As shown in Fig. 8f, the decreases in CAT and
GAD activities were completely attenuated by CX516
in the striatum (ANOVA: P < 0.0001 for both) and
were significantly reduced in the neighboring cortical
region as well (P < 0.001 and P < 0.005, respective-
ly). Thus, Ampakine modulation elicits lasting protec-
tion against an excitotoxic insult.

DISCUSSION

The data presented indicate that glutamatergic ac-
tivity through AMPA receptors is important for cell
survival. Inhibition of AMPA receptors reduces cell
growth (30) and causes an increased rate of neurode-
generation in cultured neurons (10), results consistent
with those reported here regarding proteolytic re-
sponses and NF-xkB activation in organotypic hip-
pocampal slice cultures. The slice cultures offer the
advantage that they exhibit stable features of the adult
brain and, more importantly, they respond to patho-
genic insults in the same way as found in vivo (5).
Thus, the present report suggests that the same syn-
aptic signals that help determine the composition of
the developing brain are involved in the maintenance
of mature brain tissue.

Enhanced glutamatergic transmission by the infu-
sion of glutamate or AMPA has been shown to increase
neuronal survival (10), attenuate apoptosis (23), and to
prevent synaptic deterioration produced by deafferen-
tation (26). Our results with the allosteric modulator
CX516 indicate that AMPA receptor activation, includ-
ing the low levels produced by spontaneous glutamate
release, can be intensified in such a way as to
strengthen related survival processes. Spectrin break-
down measures were valuable in evaluating structural
repair after an excitotoxic exposure and, as expected,
synaptic maintenance and cell survival correlated with
the cytoskeletal protection. However, the survival sys-
tems activated through the modulation of AMPA re-
ceptors are selective with respect to the neuroprotec-
tion they elicit. Ampakine CX516 was assessed across
different types of pathologies and its protective action
was found to reduce the damage resulting from CAl-
and CA3-targeting insults which involve the over-
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FIG.8. Allosteric modulation of AMPA receptors elicits neuroprotection in adult rats. Animals were subjected to intrastriatal injections
of CX516 (a), AMPA (b), or AMPA and CX516 together (c). Coronal sections were analyzed by MRI 24 h postinjection. (d) Lesion size was
determined after injection of AMPA or CX516 alone (mean area = SEM). (e} Dose-dependent reduction in AMPA-induced lesion extent was
assessed in animals coinjected with CX5186. (f) The activities of CAT and GAD were measured in dissected brain regions and expressed as
the mean percent decrease in the lesioned side of the brain as compared to the unlesioned side (=SEM).

stimulation of glutamatergic receptors. In contrast,
CX516 had no effect on another pathogenic mecha-
nism, lysosomal dysfunction, which does not involve
excitotoxic activity. The glutamate-mediated survival
response, thus, can be exploited to prevent serious
injury from a specific class of neuropathogenesis.

The signal transduction mechanism that translates
AMPA receptor activity into survival signals specifi-
cally involves the ERK1/ERK2 MAPK. As shown, allo-
steric modulation promotes the AMPA receptors’ abil-
ity to activate the MAPK signaling pathway in hip-
pocampal neurons. While the AMPA receptor-MAPK
pathway was evident in all hippocampal subfields, it
was most apparent in field CAl. CX516-mediated mod-
ulation of the receptors after an excitotoxic insult pro-
tected those pyramidal neurons that exhibited en-
hanced levels of MAPK activation. MAPK’s role in sur-
vival signaling was further supported by the fact that
inhibition of either component of the AMPA receptor—
MAPK pathway promotes cytoskeletal vulnerability
and NF-xB responses.

The neuroprotection results using the cultured hip-
pocampal slice suggest that the functional link be-
tween AMPA receptors and MAPK is important for
injury-induced compensatory responses in the adult
brain. In vivo studies also implicate glutamatergic and
MAPK activity in neuronal protection. For example,

trisomy 16 mice, an animal model of Down syndrome,
are reported to have a defect in a glutamate-mediated
trophic response, resulting in accelerated cell death of
hippocampal neurons (10). In addition, the MAPK
pathway is necessary for the neuroprotection induced
by sublethal preconditioning ischemia (32). As shown
in the present study, Ampakine modulation of gluta-
matergic transmission protected the striatum and cor-
tex from excitotoxic damage in the adult rat. In addi-
tion to the reduction in lesion extent, enzymatic mark-
ers measured 1 week after the insult indicated that the
neuroprotection was not restricted to the neuronal type
targeted by the Ampakine compound. Cholinergic and
GABAergic neurons were completely protected in the
striatum where the bulk of the Ampakine CX516 was
coinjected with the excitotoxin. The extent of AMPA
extending into the cortical injection track also caused
sizable decreases in the neuronal markers, and CX516
attenuated these reductions. Expectedly, CX516 was
higher in concentration in the striatum vs the cortex as
indicated by the higher degree of neuroprotection elic-
ited in the striatal area as compared to that found in
cortical tissue. These findings suggest that glutamater-
gic communication between surviving neurons is vital
for their full recovery and long-term maintenance after
periods of excitotoxicity.
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The cysteine protease calpain is activated by calcium
and has a wide range of substrates. Calpain-mediated
cellular damage is associated with many neuropatholo-
gies, and calpain also plays a role in signal transduction
events that are essential for cell maintenance, including
the activation of important kinases and transcription fac-
tors. In the present study, the hippocampal slice culture
was used as a model of excitotoxicity to test whether the
neuroprotection elicited by selective calpain inhibition is
associated with changes in cell signaling. Peptidyl a-keto
amide and a-keto acid inhibitors reduced both calpain-
mediated cytoskeletal damage and the concomitant syn-
aptic deterioration resulting from an N-methyl-D-
aspartate exposure. The a-keto amide CX295 was
protective when infused into slice cultures before or after
the excitotoxic episode. The slices protected with CX295
exhibited normal activation levels of mitogen-activated
protein kinase and the transcription factor nuclear factor-
kB. Thus, selective inhibition of calpain provides neuro-
protection without influencing critical signaling path-
ways. © 2002 Wiley-Liss, Inc.

Key words: spectrin bkeakdown; calpain inhibition; NF-
xB; MAPK; hippocampal slice culture

Calpains, a family of calcium-dependent cysteine
proteases, play a functional role in cell cycle regulation,
synaptic plasticity, and signal transduction (Saido et al.,
1994; Santella et al., 1998; Chan and Mattson, 1999; Utz
and Anderson, 2000). During signaling events, calpain has
been shown to influence crucial elements, such as pp60™©,
protein kinase C, phosphatase 1B, focal adhesion kinase,
and several adhesion molecules (Saido et al., 1994; Cooray
et al., 1996; Rock et al.,, 1997; Bahr et al., 1999). The
protease is also linked to the transcription factor nuclear
factor (NF)-kB, which is known to be activated in re-
sponse to pathogenic episodes, perhaps as part of a com-
pensatory response for promoting survival (see Mattson et
al., 2000). Specifically, calpain has been implicated in the
activation process of NF-kB (Shumway et al., 1999; Chen
et al., 2000; Schoonbroodt et al., 2000). IkBa, an intrinsic
inhibitor of NF-kB, is degraded by calpain, allowing for

© 2002 Wiley-Liss, Inc.

the nuclear translocation of the transcription factor as part
of its activation. Unfortunately, calpain function is not
restricted to signaling events underlying cellular mainte-
nance but often triggers cascades leading to cellular
damage.

Calpain activation plays a role in apoptosis (Villa et
al., 1998; DeBiasi et al., 2001) and is a marker of a variety
of pathogenic insults and disease states, including hypoxia/
ischemia, epilepsy, stroke, and brain injury (for review see
Vanderklish and Bahr, 2000). In many neuropathologies,
calpain selectively targets the cytoskeletal protein spectrin,
and the resulting breakdown product (BDP) can be mea-
sured as a sign of cellular damage using antibodies against
spectrin’s calpain recognition site (Saido et al., 1993;
Roberts-Lewis et al., 1994; Bahr et al., 1995b). Calpain-
mediated spectrin breakdown is a useful marker with
which to assess cytoskeletal damage early after an excito-
toxic insult, the marker increasing as pathophysiology and
cell death occur and decreasing in correspondence with
recovery or protection (Lee et al., 1991; Bednarski et al.,
1995; Bahr et al., 2001; Neumar et al., 2001). Early
neurodegeneration can also be monitored by measuring
the concentration of synaptic proteins, such as synapto-
physin and AMPA receptor subunits (Bahr et al., 1994,
1998; Bi et al., 1996, 1998), that exhibit significant alter-
ations in accordance with the spectrin breakdown event
(Bahr et al., 2001). ,

The involvement of calpain in neurodegeneration
has prompted researchers to explore inhibitors of the pro-
tease in an attempt to elicit neuroprotection in response to
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excitotoxicity. A variety of studies showed that nonselec-
tive cysteine protease inhibitors such as leupeptin and
ALLN can block excitotoxic damage (Arai et al., 1990;
Lee et al., 1991; Rami and Krieglstein, 1993; del Cerro et
al., 1994; Bahr et al., 1995b; Posmantur et al., 1997).
Alternatively, peptidyl a-keto amide, a-keto acid, and
a-keto ester compounds were developed (Li et al., 1993,
1996) and demonstrated to block selectively the proteo-
lytic responses of calpain. Selective calpain inhibitors are
useful in that they provide protection for target neuronal
populations (Bartus et al., 1994a, b; Hong et al., 1994;
Brorson et al., 1995; Markgraf et al., 1998; Yokota et al.,
1999). One compound in particular, the a-keto amide
CX295, was shown to be especially effective in vivo,
providing cellular and functional protection in models of
ischemia and experimental brain injury (Bartus et al.,
1994b; Saatman et al., 1996). By using the cultured hip-
pocampal slice model of excitotoxicity (see Bahr, 1995),
CX295 was evaluated for neuroprotective action as well as
effects on relevant cell signaling pathways. With regard to
the latter, activation of the ERK1/ERK2 mitogen-
activated protein kinase (MAPK) and the transcription
factor NF-kB were examined, because these two events
represent rapid responses to excitotoxicity and also have
been implicated in neuroprotection (Kotzbauer et al,,
1996; Bonni et al., 1999; Han et al., 2000; Mattson et al.,
2000).

MATERIALS AND METHODS

The hippocampus was dissected from 12-day-old Sprague
Dawley rats (Charles River Laboratories, Wilmington, MA) as
previously described (Bahr et al., 1994, 1995b). Transverse slices
of hippocampus (400 wm) were maintained in culture for 15-25
days on Biopore culture membranes (Millipore, Bedford, MA)
in media composed of 50% basal medium Eagle, 25% Earle’s
balanced salt solution, 25% regular horse serum, and the follow-
ing concentrations: 136 mM glutamine, 40 mM glucose,
0.5 mM ascorbic acid, 20 mM HEPES buffer (pH 7.3), 1
mg/liter insulin, 5 units/ml penicillin, and 5 mg/liter strepto-
mycin. The medium was changed every 2 or 3 days, and the
surface of the slices was exposed to humidified air plus 5% CO,
at 37°C. Excitotoxicity was induced by infusing 200 uM
N-methyl-D-aspartate (NMDA) into slices for 20 min. This
concentration of NMDA was used in order to reproduce the
type of rapid insult conducted routinely in dissociated neuronal
cultures but using a slice of tissue with a thickness of 10-15
neurons (see Bahr et al., 1995a). The insult was followed by a
rapid quenching step with glutamate receptor antagonists
(40 pM MKS801 and 40 M CNQX), and slices were harvested
or maintained in culture for 3 hr postinsult. The a-keto acid
Z-Leu-Phe-COOH (CX270; 10 uM) and the a-keto amides
Z-Leu-Abu-CONH-(CH,);-Mpl (CX295; 10-100 M) and
Z-Leu-Nva-CONH-(CH,),-Mpl (CX349; 100 uM) were syn-
thesized as described elsewhere (Li et al., 1993). For pretreat-
ment, the compounds were included in the slice media 30-60
min prior to the excitotoxic insult and remained present during
the insult and postinsult. Posttreatment entailed the presence of
calpain inhibitors only in the postinsult quenching and incuba-
tion steps. The cultured slices were harvested and homogenized

in ice-cold buffer composed of 0.32 M sucrose, 5 mM HEPES
(PH 7.4), 1 mM EDTA, 1 mM EGTA, 0.02% NaNj;, 2 pg/ml
leupeptin, 2 pg/ml aprotinin, 2 wg/ml pepstatin A, 10 pg/ml
antipain, and freshly added phenylmethylsulfonyl fluoride
(PMSF; 2 mM). Protein content was determined with a bovine
serum albumin (BSA) standard curve. The level of spectrin
breakdown in slice samples was assessed by immunoblot. Pro-
teins were separated by 4-16% SDS-PAGE, transferred to ni-
trocellulose, and tested for breakdown product (BDP) using
affinity-purified rabbit antibodies against end residues (GIn-Gln-
Glu-Val-Tyr) of the amino-terminal spectrin fragment pro-
duced by calpain I (Bahr et al., 1995b). The postsynaptic marker
GluR1 was labeled with antibodies made against its carboxy-
terminal domain, Ser—His—Ser—Ser—Gly~Met—Pro—Leu—Gly-Ala—
Thr-Gly-Leu, and affinity purified on immobilized peptide
(Bahr et al., 1996). The presynaptic marker synaptophysin was
immunolabeled with a mouse monoclonal antibody (Chemicon,
Temecula, CA). MAPK activation was assessed using antibodies
that recognized the phosphorylated catalytic core of active ERK
isoforms (Cell Signaling, Beverly, MA). Blots were also stained
for tubulin and with monoclonal anti-ERK1/ERK2 (Zymed
Laboratories, South San Francisco, CA) to determine total ERK
levels and ensure that equal protein was loaded. Integrated
density of the bands was determined with Bioquant software (R
& M Biometrics, Nashville, TN) after being scanned at high
resolution, and the means = SEM were compared using un-
paired, two-tailed t-tests or ANOVA.

Anti-BDPy immunocytochemistry was used to localize
the spectrin breakdown fragments in sections from slice cultures
as described elsewhere (Bahr, 2000). Slices were rinsed with
0.1 M phosphate buffer (PB), pH 7.4, and fixed for 2 hr in cold
PB plus 4% paraformaldehyde. Slices were then cryoprotected
and carefully removed from the insert, and serial sections were
cut at 20 wm thickness and mounted on gelatin-coated slides.
Sections were immunolabeled with anti-BDPy, using the
avidin-biotin-peroxidase technique (Vector Laboratories, Bur-
lingame, CA) and 3,3’-diaminobenzidine as the chromogen.

Nuclear extractions were carried out as described by
Schreiber et al. (1989), with modifications. Harvested slices
were homogenized in ice-cold nuclear extract buffer [NEB;
20 mM HEPES (pH 7.9), 100 mM NaCl, 1.5 mM MgCl,,
0.5 mM EDTA, 0.7% IGEPAL CA630, 10% glycerol, 2 pg/ml
leupeptin, and 5 pg/ml aprotinin, with freshly added 0.1 mM
PMSF and 0.5 mM dithiothreitol (DTT)]. Homogenates were
centrifuged at 6,500 rpm for 10 min, then resuspended and
recentrifuged. The pellets were suspended in 35 ml ice-cold
high-salt buffer (20 mM HEPES, pH 7.9, 0.5 M KCI, 0.5 mM
EDTA, 25% glycerol, 2 pg/ml leupeptin, and 5 pg/ml aproti-
nin, with freshly added 0.5 mM DTT), vigorously shaken for
30 min at 4°C, and centrifuged at 13,000 rpm for 30 min.
Supernatant was collected, and protein concentrations were
determined. Equal amounts of protein were subjected to the
electophoretic mobility shift assay as described by Kako et al.
(1998). Briefly, 7.5 pg of nuclear proteins were incubated with
2.5 pg poly-dIdC and 0.75 pg BSA in a 15 pl total volume for
20 min, then incubated at room temperature for 15 min with
»p_labeled NF-kB consensus oligonucleotide (5'-AGT TGA
GGG GAC TTT CCC AGG C-3; Promega, Madison, WI).
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Fig. 1. Selective calpain inhibitors produce cytoskeletal protection.
Cultured hippocampal slices were subjected to the 20 min NMDA
insult described in Materials and Methods, with or without preincuba-
tion for 60 min with 100 uM CX295 or CX349. Slices were harvested
10 min postinsult in groups of five or six, and equal protein aliquots of
the slice samples were blotted against anti-BDPy, except for the first
lane, which consists of control slices stained for the parent protein
spectrin (S). Levels of BDPy, immunoreactivity were determined by
image analysis (mean * SEM; n = 4-10 groups per condition).
ANOVA: P < 0.0001. Post hoc Tukey test compared with NMDA
insult alone: *P < 0.01; **P < 0.001.

DNA-protein complexes were then resolved by 4% PAGE and
visualized with Kodak X-Omat film autoradiography. Supershift
analyses included incubating samples with antibodies to p50,
p52, and p65 (Santa Cruz Biotechnology, Santa Cruz, CA) for
20 min on ice before electrophoretic separation.

RESULTS

NMDA was infused into cultured hippocampal slices
to produce an excitotoxic insult. Such overactivation of
excitatory amino acid receptors causes cytoskeletal break-
down that leads to the degradation or truncation of syn-
aptic components and eventual cell death (see Lee et al.,
1991; Bahr et al., 1994, 2001; Gellerman et al., 1997; Bi et
al,, 1998). Spectrin degradation was used to monitor
calpain-mediated cleavage and to confirm the neuropro-
tective effects of selective calpain inhibitors. To measure
cytoskeletal damage, antibodies to the 150 kDa amino-
terminal spectrin breakdown product BDP™ were used.
As shown in the immunoblot in Figure 1, hippocampal
slice cultures harvested 10 min after a 20 min NMDA
insult exhibited pronounced calpain activation as indicated
by production of the BDP™ species. Infusion of selective
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Fig. 2. CX295 is protective when applied before or after an excitotoxic
insult. Hippocampal slices were treated with different concentrations of
CX295 applied before or immediately after the 20 min NMDA insult.
ZLF, an inactive control compound, also was applied after the NMDA
insult regimen. Groups of five or six slices each were harvested 3 hr
postinsult, and equal aliquots of protein were assessed for BDP. A
representative immunoblot is shown. The plotted data represent mean
immunoreactivities, typically determined from n = 4-10 groups of
slices (X*SEM). ANOVAs were applied to the pre-CX295 data (P <
0.0001) and the post-CX295 data (P = 0.0001).

calpain inhibitors 1 hr prior to the excitotoxic insult
caused the expected decrease in proteolytic activity. The
two o-keto amides, similar in structure, CX295 and
CX349, caused 75-93% reduction in the NMDA-induced
calpain response (Fig. 1). To test for extended protection,
different concentrations of CX295 were infused before or
after the 20 min NMDA insult, and the slices were sub-
sequently harvested 3 hr postinsult. Slices preincubated
with the calpain inhibitor exhibited dose-dependent cy-
toskeletal protection (Fig. 2; ANOVA: P < 0.0001). In-
terestingly, CX295 infused only after the excitotoxic insult
also produced significant protection against cytoskeletal
damage, although at a lower potency than with the pre-
insult application (two-way ANOVA: P < 0.001). The
inactive control compound Z-Leu-Phe (ZLF) had no
effect on spectrin breakdown. The top panel in Figure 3
shows that, at the 3 hr postinsult time, the cytoskeletal
damage was localized to dendritic fields extending from
the stratum pyramidale, where the density of overactivated
synapses is highest (see Bahr et al., 1994, 1995a). Cytoskel-
etal protection was particularly evident in the dendritic
fields of stratum oriens and stratum radiatum, where the
NMDA-induced BDPy staining was completely abolished
by pretreatment with CX295 (Fig. 3, middle); the trace
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Fig. 3. Cytoskeletal breakdown in dendritic fields is reduced by
CX295. Cultured slices were subjected to the NMDA insult alone
(top) or in conjunction with preinsult (middle) or postinsult ap-
plication of 100 WM CX295 (bottom), as for Figure 2. Fixed slices
were sectioned at 20 wm and stained for calpain-mediated spectrin
breakdown. sp, Stratum pyramidale; sr, stratum radiatum. Scale bar =

50 pm.

immunolabeling remaining matched the characteristic
background of noninsulted control tissue (not shown).
CX295 infused postinsult also caused a marked reduction
in dendritic BDPy staining (Fig. 3, bottom).

In addition to cytoskeletal damage, excitotoxic slices
exhibited corresponding synaptic deterioration, as previ-
ously indicated (Bahr, 2000; Bahr et al., 2002). For Figure
4 (bottom), the a-keto amide CX295 was preincubated to
show that blockage of calpain not only produces cytoskel-
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Fig. 4. Synaptic protection is elicited by selective calpain inhibitors.
CX295 (100 pM) or CX270 (10 uM) was infused before (pre-) and
after (post-) the NMDA insult. Groups of five or six slices each were
harvested 3 hr postinsult and assessed by immunoblot for GluR 1 and
synaptophysin (Syn). Levels of immunoreactivity in n = 4-10 groups
per condition are given as means = SEM. Representative immunoblots
are shown, Unpaired, two-tailed t-test compared with NMDA-treated
slices without drug: *P < 0.01; **p < 0.001; ***p < 0.0001.

etal protection but also attenuates the loss of the presyn-
aptic marker synaptophysin evident 3 hr postinsult. Similar
presynaptic  protection was produced by a member
(CX270) of the a-keto acid class of calpain inhibitors (Fig.
4; ANOVA: P < 0.001). Infusing the selective calpain
inhibitors postinsult further established the correspon-
dence between cytoskeletal and synaptic protection. Ap-
plication of CX295 before vs. after the NMDA insult
promoted presynaptic maintenance by a comparable de-
gree (post hoc Tukey tests: P < 0.01 and P < 0.05,
respectively), as was the case for CX270 (P < 0.05 and
P < 0.01, respectively). Similar results were found for the
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Fig. 5. Calpain inhibition by CX295 does not affect MAPK activation.
Three sets of slice cultures were subjected to brief AMPA stimulation
to assess for the phosphorylated active forms of ERK1 (top arrow) and
ERK2 (bottomn arrow). The first set consisted of control slices treated
without or with 100 M AMPA for 5 min (lanes 1 and 2, respectively),
and phospho-ERK2 was quantified by image analysis (leftmost pair of
bars). The other sets consisted of NMDA-treated slices in the absence
(middle pair of bars) or the presence (rightmost pair of bars; lanes 3 and
4) of 100 pM CX295. The AMPA stimulation occurred 3 hr postinsult,
followed by immediate harvesting into samples of five or six slices each.
Means + SEM of phospho-ERK2 levels were determined from n = 4
per condition.

two calpain inhibitors with regard to protecting against
NMDA-induced modification of the postsynaptic AMPA
receptor subunit GluR1 (Fig. 4, top; ANOVA: P <
0.0001). The loss of carboxyl-terminal staining of GluR1
represents an excitotoxic response, as shown in previous
studies using cultured hippocampal slices (Bahr et al,
1994; Gellerman et al., 1997; Bi et al., 1998). Note that, in
general, more presynaptic (53-80%) compared with
postsynaptic protection (33-58%) was elicited by the dif-
ferent inhibitor applications. Synaptic protection also was
evident 21 hr postinsult, where the postinsult infusion of
CX295 and CX270 promoted the maintenance of synap-
tophysin (60% % 5% and 73% * 10% protection, respec-
tively) and GluR 1 structure (50% * 9% and 59% * 10%,
respectively). ‘

Selective calpain inhibition clearly attenuated patho-
genic responses of the protease, but it is important to
determine whether normal signaling events are affected.
To test for the activation of the ERK1/ERK2 MAPK,
AMPA was applied to the slices for 5 min, and then
specific antibodies were used to measure the phosphory-
lated active forms of ERK1 and ERK2 (see immunoblot
in Fig. 5). Brief stimulation of AMPA receptors has been
shown previously to cause MAPK activation in hippocam-
pal slice cultures through the upstream activator of MAPK
kinase, also referred to as MEK (Bahr et al., 2002). In-
creases in phospho-ERK1 and phospho-ERK2 were not
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due to an increase in total protein, as revealed by parallel
blots stained for total MAPK (active and inactive ERK1/
ERK2; data not shown). By measuring the levels of
phospho-ERK2, the extent of AMPA-induced MAPK
activation was found to be similar whether assessed before
(leftmost pair of bars in Fig. 5) or 3 hr after (middle pair of
bars) the 20 min NMDA insult described earlier. When
CX295 was infused into the slices during the 3 hr recovery
period, the a-keto amide had no effect on the basal level
of phospho-ERK2 or on the AMPA-induced MAPK
activation event (Fig. 5, rightmost pair of bars). As shown
in the immunoblot in Figure 5, selective calpain inhibition
also had no effect on the induction of activated ERK1.

CX295 also was tested for its influence on the com-
pensatory response of NF-«kB because the transcription
factor appears to have a protective role in neurons (see
Mattson et al., 2000) and represents a major signaling
pathway for cellular maintenance. Slices were pretreated
with CX295, which was continually present during the
20 min NMDA episode, the quenches, and the postinsult
incubation period of 3 hr. After NMDA treatment alone,
more NF-kB was translocated to the nuclear fraction of
the hippocampal slice cultures and bound to its DNA
consensus sequence (Fig. 6). The level of NF-«B activa-
tion was not diminished when CX295 was present for
neuroprotection. In addition, the selective calpain inhib-
itor had no effect on the subunit composition of the
activated NF-kB, as shown by the supershifts in Figure 6
using antibodies to the p50 subunit. Additional analyses
indicated that the excitotoxic activation of NF-kB does
not involve p52 or p65 subunits in either the absence or
the presence of CX295 (not shown). These finding indi-
cate that CX295 does not affect NF-kB activation, ruling
out any interference with vital compensatory responses
after an excitotoxic event.

DISCUSSION

The a-keto amide calpain inhibitor CX295 has been
shown to possess sufficient potency, solubility, and mem-
brane permeability to produce cellular and functional re-
covery after neurological insults (see Bartus et al., 1994b;
Saatman et al., 1996). Here we tested whether CX295-
mediated neuroprotection against excitotoxicity is associ-
ated with the disruption of cell signaling events, an im-
portant issue in light of recent reports that calpain is
essential for certain cellular functions as well as embryonic
development (Arthur et al., 2000; Zimmerman et al.,
2000; Azam et al., 2001). In hippocampal slice cultures
exposed to NMDA, CX295 and other selective calpain
inhibitors significantly reduced the excitotoxic damage to
the spectrin cytoskeleton. The levels of cytoskeletal pro-
tection achieved by blocking calpain before or after the
excitotoxic insult were similar, indicating that the proteo-
lytic response is prolonged, extending beyond the NMDA
exposure period, as previously shown (Bahr et al., 1995b).

The excitotoxic activation of calpain caused pro-
nounced and lasting spectrin breakdown in the dendritic
fields of hippocampal slice cultures where glutamate re-
ceptors are concentrated (see Bahr et al., 1995a). This type
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Fig. 6. NF-kB activation is not altered by CX293, Hippocampal slice
cultures were subjected to NMDA excitotoxicity in the absence or
presence of CX295. The slices were harvested 3 hr postinsult and then
subjected to nuclear extraction to assess the activation of NF-kB. The
radiolabeled band marked with an arrow consists of the consensus DNA
sequence bound by NF-kB. Additional nuclear extracts were incubated
with anti-p50 antibodies to test for a supershift in the activated tran-
scription factor (arrowhead).

of proteolytic response to excitotoxic NMDA exposure
has been linked to the long-term collapse of synaptic
physiology (Bednarski et al., 1995) and, as shown here, to
a >80% reduction in carboxyl-terminal staining of the
GIuR 1 subunit (also see Gellerman et al., 1997). Such a
correspondence between calpain-mediated spectrin cleav-
age and excitotoxic modification of GluR 1 structure also
was found in previous studies following overactivation of
AMPA receptors in slice cultures (Bahr et al., 2002) and
following kainic acid injection in vivo (Bi et al., 1996). In
contrast, short nonpathogenic exposures to NMDA do

not elicit lasting spectrin breakdown (Bahr et al., 1995b)
and cause no change or a small increase in GluR1
carboxyl-terminal staining (Broutman and Baudry, 2001).
The excitotoxic changes in spectrin and GluR1 in the
present study were associated with a marked decrease in
synaptophysin protein levels. More importantly, calpain
inhibition with CX295 nearly eliminated dendritic spec-
trin breakdown and, correspondingly, promoted the pres-
ervation of synaptic components. The correlation between
cytoskeletal and synaptic damage in the excitotoxic slice
model is in accordance with many studies linking early
spectrin breakdown with subsequent cellular destruction
(Vanderklish and Bahr, 2000). Thus, it is not surprising
that selective calpain inhibitors cause parallel protective
effects against both cytoskeletal and synaptic deterioration.
Structural maintenance of the postsynaptic GluR 1 subunit
appeared to be enhanced by CX295 to a lesser degree than
the protection elicited towards the presynaptic marker.
This suggests that 1) pathogenic GluR 1 modification is at
least partly due to noncalpain mediated events and 2)
synaptic terminals deteriorate in response to postsynaptic
degeneration.

In addition to the induction of cellular damage,
excitotoxic episodes also have been shown to activate
MAPK and NF-kB. The kinase and the transcription
factor are likely involved in compensatory mechanisms
that are activated in response to injury (Shamloo et al.,
1999; Mattson et al., 2000; Bahr et al., 2001). Protease
inhibitors that can target calpain have been reported to
block the activation of MAPK (Torres et al., 2000) and
NF-kB (Chen et al., 2000; McDonald et al., 2001). In the
present report, MAPK exhibited normal activation in re-
sponse to brief stimulation of AMPA receptors occurring
before or 3 hr after NMDA-mediated excitotoxicity. The
a-keto amide CX295 had no influence on basal levels of
activated MAPK isoforms, nor did the selective calpain
inhibitor affect AMPA-induced kinase activation. CX295
also had no effect on the level or subunit composition of
NF-kB activated in response to the NMDA exposure.
Thus, although calpain has been implicated in silica-
induced NF-kB activation in epithelial cells (Chen et al.,
2000), the transcription factor’s response to excitotoxicity
in hippocampus appears to be independent of the protease.

The present results demonstrate that selective calpain
inhibition elicits neuroprotection without affecting signal
transduction pathways that are essential for cellular func-
tion. This is important insofar as calpain is a prominent
signaling element involved in multiple pathways impli-
cated in cytoskeletal organization (Huttenlocher et al.,
1997; Kawasaki et al.,, 1997; Bahr, 2000), adhesion re-
sponses (Fox et al., 1993; Cooray et al., 1996; Rock et al.,
1997; Bahr, 2000), intracellular signals (see Saido et al.,
1994; Cooray et al., 1996), and gene regulation (Shumway
et al., 1999; Chen et al., 2000; Schoonbroodt et al., 2000).
To be effective, therapeutic intervention of calpain actions
must not include down-regulation of compensatory re-
sponses needed for survival. In slices treated with CX295,
the residual calpain-mediated proteolysis evident hours




postinsult may signify that low levels of calpain activity are
somehow maintained to support signaling pathways with-
out being pathogenic. Note that it has been shown that
cytoskeletal damage by calpain must only be held below a
certain threshold to promote the likelihood of cellular
recovery (see Bahr et al., 2001). There are cases, however,
in which complete elimination of calpain activity was
found to have no effect on the survival of cultured cells
(Arthur et al., 2000). In sum, selective calpain inhibitors
can be used in a way that allows pathogenic proteolysis to
be sufficiently reduced without disrupting important sig-
naling pathways. This is of particular interest in the current
study. Pathways involving MAPK and NF-kB may be
vital for cellular maintenance systems that actually contrib-
ute to and help establish the final state of recovery.
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Pathogenic Cascade Leading to Synaptic Decline

jENNIFER BENDISKE, PuD, EBRU CaBa, MS, QUEENIE B. BROWN, MS, AND BEN A. BAHR, PED

Abstract. Protein deposition is a common event in age-related neurological diseases that are characterized by neurona!
dysfunction and eventual cell death. Here, cultured hippocampal slices were infused with the lysosomal disruptor chioroquine
to examine the link between abnormal protein processing/deposition and carly synaptopathogenesis. Tau species of 55 to 69
kDa increased over several days of treatment with chloruquine, while the protein and message levels of synaptic markers
were selectively reduced. Neurons of subfields CA1, CA3, and dentate gyrus accumulated protein deposits recognized by
antibodies against paired helical filaments and ubiquitin, which was accompanied by tubulin fragmentation and deacetylation.
The deposition filled the basal pole of pyramidal neurons, encompassing the area of the axon hillock and initial dendritic
branching but without causing overt neuronal atrophy. Neurons containing the polar aggregates exhibited severely impaired
transport along basal dendrites. Transporl capability was also lost along apical dendrites, the opposite direction of deposited
material in the basal pole: thus, perpetuating the problem beyond physical blockage must be the associated toss of microtubule
integrity. These data indicate that transport failure forms a link between tau deposition and synaptic decline, thus shedding
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Intracellular Depbsition, Microtubule Destabilization, and Transport Failure: An “Early”

light on how protein aggregation events disrupt synaptic and cognitive functions before the ensuing cellular destruction.

Tau.
INTRODUCTION
Intracellular deposition is common among several age-
related neurodegenerative disorders, including Alzheimer

disease (AD) (1), Huntington disease (2, 3), and o-syn- -

uclein disorders such as frontotemporal dementia and
Parkinson disease (1, 4). Also common among such dis-
orders is evidence of disrupted protein processing path-
ways in lysosomes (5-7). In Alzheimer brains, in partic-
ular, lysosomal disturbances have been implicated in the
formation of amyloidogenic fragments of the amyloid

“precursor protein (8-10). The carboxyterminal fragments

are deposited in intracellular compartments that are con-

sistent with lysosomes (11-1%5). In vivo (16) and in vitro’

studies (12, 17, 18) confirmed that experimentally-in-
duced lysosomal disruption leads to the production of -
amyloid-bearing polypeptides.

Lysosomal dysfunction also has been linked to alter-

ations in the microtubule-binding protein tau and the sub-
sequent intraneuronal deposition of hyperphosphorylated
isoforms in the form of paired helical filaments (PHFs)

(19-23). PHF deposits facilitate production of neurofi- -

brillary tangles (NFTs) in brain areas targeted by AD
(24-27), and the degree to which vulnerable regions ex-
press neurodegeneration appears to be determined by
their relative content of tau isoforms capable of trans-

~ forming into PHFs (28). In addition to being an indicator
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of advanced stages of the disease (29, 30), NFT deposi-
tion has been correlated with diminished expression of
genes encoding the presynaptic proteins synaptophysin
and GAP43 (31). Synaptophysin mRNA levels indicate
the amount of synaptophysin protein Jocated at synaptic
terminals (32), and a decline in this protein is indicative
of synaptic deterioration in Alzheimer tissue (33-35).
Besides a role in amyloidogenic chemistries and tau
modifications, lysosomal dysfunction leads to synaptic
decline demonstrated by 1) a marked loss of presynaptic

- proteins, 2) delayed reductions in postsynaptic ‘compo-

nents, and 3) concomitant disruption of neuronal com-

munication (12). While many studies have found corre-

lations of different degrees between protein deposition

and the severity' of neurodegenerative disorders, how ab- -
normal protein processing events facilitate the deteriora- -
tion of synaptic structure and functioriality is unknown.
In order to approach this question, cultured hippocampal
slices were exposed to chloroquine, a lysosomal disruptor
that inhibits protein degradation in neurons by elevating
the pH of lysosomes (36-38). Using the slice model, we
report here corresponding events of i) polar deposition of
material labeled by antibodies against human PHFs, i)
microtubule destabilization and tubulin breakdown, iii)
somatofugal transport failure, and iv) synaptic decline at
both the protein and message level. The results support -
the hypothesis that abnormal protein processing/deposi-

“tion contributes to early synaptic deterioration by dis-

rupting microtubule-based transport processes that are vi-
tal for synapse maintenance. - -
' MATERIALS AND METHODS

Antibodies and Chemicals

Monoclonal antibodies against synaptophysin, a-acetylated
tubulin, and tau-1 were obtained from Chemicon (Temecula,

02-015
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Fig. 1. Lysosomal dysfunction leads 1o reductions in syn-
apsin proteins and increases in tau isoforms. Chloroquine (60
#M) was administered for 3 to 6 days in order to inducc ly-
sosomal disruption in hippocampal slices. The slices were har-
vested in groups of 6 to 8 and preparcd for immunoblot anal-
ysis. The typical immunoblots shown were obtained from
sample lysates probed for synapsin 1, Ila, and 11b, (a) and tau
species (b). Actin was assessed on the same blot that was
stained for synapsin Ha and IIb in panel (a), and the same blot
stained for tau in panel (b). Unchanged actin levels were found
‘on all blots tested. Prior to staining for tau isoforms, blots were

treated with alkaline phosphatase as described in Materials and |

Methods.

lysosomal disruption, 6 d

Fig. 2. Secondary pathology of cytoskeletal breakdown ac-
companics the synaptic decline in chloroquine-trcated slices.
Lysosomal dysfunction was induced for 6 days, after which the
cultured hippocampal slices were prepared for immunoblot
analysis in groups of 6 to 8. The blot shown was probed con-
secutively for calpain-mediated BDP,,, GluR 1, NR1, and actin.

CA), ICN Biomedicals, Inc. (Costa Mesa, CA), and Boehringer
Mannheim (Indianapolis, IN), respectively. Polyclonal antibod-
ies were obtained as follows. Antibodies to synapsin I and 1
were from Calbiochem (San Diego, CA), PHF-1 antibodies
from ICN Biomedicals, anti-actin from Sigma Chemical Com-
pany (St. Louis, MO), anti-ubiquitin from Dako Corporation
(Glostrup, Denmark), and antibodies to the NR1 subunit from
Chemicon. Affinity-purified antibodies to the AMPA receptor
subunit GluR1 were prepared as described (39). The cytoskel-
- etal breakdown product BDP,, was measured using affinity-pu-
rified antibodies against end residues (GIn-Gln-Glu-Val-Tyr) of
the aminoterminal spectrin fragment produced by calpain 1 (70).
Milliceli-CM culture inserts with Biopore membranes were
from Millipore Corporation (Bedford, MA). All other cell cul-
ture supplies, chloroquine, and horseradish peroxidase were ob-
tained from Sigma Chemical Company. Protease inhibitors such
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Fig. 3. Decreases in synaptic protcin and message levels
occur over time of chloroquine infusion. Cultured slices were
treated with the lysosomal inhibitor for the days indicated, and
then harvested in groups of 6 to 8 for immunoblot analyses or
20 10 40 for RT-PCR. Actin was assessed on the same immu-
noblot stained for synaptophysin (Syn) and the AMPA receptor
subunit GluR1 (a). The synaptic mRNAs and the HPRT control
message were amplified from the same RNA preparations (b).
RT-PCR products were quantified by image analysis and plotted
as percent of non-treated control values.

as aprotinin and pepstatin A were from Boehringer Mannheim.
Nitrocellulose paper was from Osmonics, Inc. (Westborough,
MA). Alkaline phosphatase-conjugated and horseradish perox-
idase (HRP)-conjugated antibodies and substrate kits were from
Bio-Rad Laboratories (Richmond, CA) and Vector Laboratories

“Inc. (Burlingame, CA).

Organotypic Hippocampal Slice Cultures and Treatment

Conventional methods were used to prepare hippocampal
slices from 11- to 12-day postnatal Sprague-Dawley rat pups
(Charles River Laboratories, Wilmington, MA). The animals
were killed by isoflurane anesthesia (Baxter, Deerfield, IL) and
decapitation. Transverse slices of hippocampus (400 pm) were

J Neurapathol Exp Nenrol, Vol 61, July, 2002
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Acetylated Tubulin
g

Fig. 4. Tubulin deacetylation correlates with intracellular protein deposition. Upper left graph: Hippocampal slice cultures
treated with chloroquine (60 pM) for the indicated time period were analyzed by immunoblot for acetylated tubulin (open circles)
and total tubulin content (dotted line); both were plotted as percent of non-treated contro! values. Mean immunoreactivities for
acetylated tubulin were determined from 4 to 7 groups of slices (xSEM) and were assessed by ANOVA (p < 0.0001). Histology
panels: Cultured slices treated with chloroquine for 1, 4, or 10 days were fixed, sectioned, and examined for PHF-1 immunore-

activity in field CA3. The photomicrographs indicate that intrac
days of treatment (arrows). sp, stratum pyramidale; Scale bar: 4

quickly prepared from précooled hippoéampi that were incu-

bated in ice-cold buffer containing (in mM) 124 NaCl, 3 KQ,
2 CaCl 4 MgSO,, 1.25 KH,PO,, 26 NaHCO,, 10 D-glucose, and
2 ascorbic acid. Groups of 8 to 10 slices were placed on insert
membranes that were in contact with culture medium composed
of 50% basal medium Eagle, 25% Earle’s balanced salts, 25%
horse serum, and defined supplements (21). Slices were main-
tained at 37°C with'a 5% CO,-enriched atmosphere and fed
every other day until use. B

After 10 to 15 days in culture, the slices were incubated with
media containing G0 pM chloroquine or vehicle, which was
changed every 2 days. Treatments were staggered so that all
slices were in culture for the same length of time. Chloroquine
is a weak base that accumulates in acidic lysosomes by per-
meation and proton trapping (58). The lysosomotropic agent
disrupts protein degradation (36-38, 59), especially the degra-
dation processes mediated by the lysosomal hydrolase cathepsin
B (38), while having no direct effect on synthesis (59). Slice
treaiments used the 60-pM dose of chloroquine since 50 10 60

J Newropathol Exp Neurol, Vol 61, July, 2002

ellular deposition in pyramidal neurons is first apparent after 4

pM was the optimal range shown previously to influence ly-
sosomal processes without affecting protein glycosylation, ty-
rosine sulfation, protein synthesis and secretion, or general neu-
ronal properties underlying the waveform of -synaptic and
antidromic responseés (12, 36, 59). The characteristic delayed
effect of chloroquine on protein processing and synaptic com-
position is nearly identical io that produced by 1) inhibiting
specific cathepsins (12, 21, 23), 2) by the broad cysteine pro-
lease inhibitor leupeptin (12, 19-22), and 3) by an ATPase

_blocker that also affects lysosomal pH (i2).

Immunoblot Analysis

Cultured slices were gently removed with a soft brush and
homogenized in groups of 6 to 8 slices each using ice-cold -

-homogenization buffer. Protein content was determined with a

BSA standard and equal protein aliquols of the slice samples
were denatured in sampling buffer for S min at 100°C, then
separated by 4% to 16% SDS-PAGE and blotted to nitrocellu-
lose. Secondary antibody incubation utilized anti-lgG-alkaline




ABNORMAL PROTEIN PROCESSING INITIATES A SYNAPTOPATHOGENIC CASCADE
.

munopositive inclusions in CAl. Cultured slices treated with
chloroquine for 4 days were fixed, sectioned, and stained with
PHF-1 antibodies. The sections were subjected to digital de-
convolution analysis at 1-pm intervals to obtain a stacked im-
age showing inclusions in the basal pole of pyramidal neurons
(arrows). Scalc bar: 17 pm.

phosphatase conjugates, and color development used the 5-bro-
mo-4-chloro-3-indolyl phosphate and nitroblue tetrazolium sub-
strate system. Development of immunoreactive bands was ter-
minated beforc maximal intensity was reached in order to avoid
saturation and 1o ensure a lincar relationship with increasing
amount of sample protein. Bands were scanned at high reso-
lution and assessed for integrated density with BIOQUANT
software (R & pM Biometrics, Nashvitle, TN). Prior to staining
for tau-1 immunoreactivity, the nitrocellulose blots were treated
with alkaline phosphatase (AP) at a concentration of 0.1 units/
~ml in 5% BSA (8.3). The blots were incubated with the AP
solution overnight at 37°C with mild agitation. Subsequent to
the incubation, the AP was removed and the blots washed. Tau-
1 staining then proceeded as indicated above.

Reverse Transcriptase-Polymerase Chain Reaction
(RT-PCR)

Cultured slices were harvested and RNA was isolated using
RNase Easy Mini kit (Quiagen, Valencia, CA). cDNA was gen-
erated in a total volume of 20 ! using 2.5 pM random hexa-

~ mers, 1X PCR reaction buffer, 2.5 mM MgCl, 1 mM of each
dNTP, 1U/l RNase inhibitor, and 2.5 U/ut MuLV reverse tran-
scriplase obtained from Applicd Biosystems (Branchburg, NJ).

" The PCR was carried out using 200 ng cDNA in a total volume
of 25 pL containing 1X PCR reaction buffer, 2.5 mM MgCl,,
0.2 mM of each dNTP, 0.25 mM forward and reverse primers,
and 1.25 U/ul Tag DNA polymerase. Synaptophysin, GluR 1,
and housekeeping gene (HPRT) primers were designed accord-
ing 10 the GenBank sequence data bank for the respective
genes, and synthesized by the University of Connecticut Bjo-
technology Center. The PCR products were electrophoretically

early deposition of PHF-im--

separated on 2% agarose gels and their images captured and
analyzed using the Kodak EDAS120 system (Rochester, NY).

Immunocytochemistry

The cultured slices were rinsed with 0.1 M phosphate buffer
(PB), pH 7.4, and fixed for 2 hours (h) in cold PB plus 4%
paraformaldchyde. Slices were then cryoprotected and carefully
removed from the insert, and serial sections were cut at 20-pm
thicknesses and mounted on Superfrost plus coated slides (Fish-
er Scientific, Pittsburgh, PA). Sections were immunolabeled
with PHF-1 and anti-ubiquitin antibodies using the avidin-bio-
tin-peroxidase technique and 3.3’-diaminobenzidine as the
chromogen. Localization of immunostained deposits was as-
sessed with regards to whether the material encompassed the
cellular pole that contains the axon hillock. Some sections were
Nissl stained. Image analysis included the use of the comput-
erized deconvolution Openlab system with motorized Z focus
drive (Improvision, Lexington, MA).

Transport Analyses

A semi-dry slurry was prepared with 20 mg of HRP in slice
buffer containing 2 uM sucrose. While still in contact with the
membrane inserts, a small amount of the prepared slurry was
administered to pyramidal neurons of control and chloroquine-
treated hippocampal slices via a fine-tip electrode. After 2 h at
37°C the treated slices were washed in PB and then fixed in
cold PB plus 4% paraformaldehyde for 2 h. Slices were then
cryoprotected in a 20% sucrosc solution overnight, carefully
removed from the inserts, and mounted on gelatin-coated slides.
The slices were then stained for 5 10 10 min with a peroxidase
substrate kit containing 3-3'-diaminobenzidine and washed in
water. Subsequent 1o color development, slices were rapidly de-
hydrated through ascending concentrations of cthanol, cleared
in AmeriClear (Baxter), and coverslipped with Permount.

RESULTS

Cultured hippocampal slices were infused with the aci-
dotropic agent chloroquine in order to induce gradual per-
turbation of lysosomal activity. The lysosomal distur-
bance caused marked reductions in the levels of
synapse-related proteins (Figs. 1a, 2, 3a) and mRNA spe-
cies (Fig. 3b). Similar to the level of reduction reported
for synaptophysin (12), synapsin Ia/Ib (Fig. 1a), IIa, and
IIb exhibited 30% to 50% declines after 3 days of chlo-
roquine exposure and, in most cases, almost complete
loss after 6 days. Figure 3b shows that expression of the
synaptophysin gene is down regulated before the reduc-
tion in expression of AMPA-type glutamate receptor sub-
unit GluR 1. The protein reductions were Synapse-specific
in nature as indicated by the stable levels of actin (Figs.
1, 2) and tubulin (Fig. 4). In addition, previous work
showed that lysosomal dysfunction has no effect on other
cytoskeletal components or cellular morphology, while
synaptic markers decreased in concentration (12). At 6
days of lysosomal disruption, initial signs of secondary
pathology were evident as indicated by the activation of
the protease calpain (Fig. 2). Calpain-mediated spectrin

4 Newropathol Exp Newrol, Vol 61, July, 2002
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breakdown product (BDP,).is a sensitive measure of
pathogenic events (21), and its production was pro-
nounced in chloroquine-treated immunoblot samples
(mean integrated density =SEM: 45 * 2, n = 9) as com-
pared to trace levels found in control slices (integrated
density <2). Pathogenic calpain activation oecurred in
slice samples exhibiting significant reductions in the
GluR 1 subunit and in the NMDA receptor subunit NR1
(61% * 6% and 59% * 7% decreases, respectively; n =
9, p < 0.0001 each). GluR1 is also a substrate for calpain
while NR1 is not (40). B ' ‘

In accordance with the synaptic decline, protein de-
position also developed in a gradual manner during the
lysosomal disturbance period. As shown in the photo-

~micrographs of Figure 4, antibodies to human PHFs

(PHF-1) recognized deposits in pyramidal neurons after
4 days of chloroguine infusion (see arrows). The intra-
cellular deposition intensified. until all neurons contained
an aggregated mass of material after 10 days of treatment
with the lysosomal disruptor. The deposited material pre-
sumably is composed of phosphorylated tau species of

55 to 69 kDa that, as a group, exhibited a chloroquine-

induced increase in integrated density from 98 £ 43 to

279 + 81 (Fig. by p < 0.02) and shifted to smaller sizes

after phosphatase treatment (not shown). Increases in
similar tau species have been reported in the aged mouse
brain (28, 41) and in AD (42, 43). With deconvolution
and image stacking, the early deposition in CAl neurons
was shown to be comprised of PHF-xmmunoxeactwc in-
clusions (Fig. 5, arrows).

“The induced alterauon/deposxtlon of mxcrotubule—bmd-
ing tau species was associated with changes in microtu-
bule chemistries. In Figure 6, hippocampal slice cultures
were treated with chloroquine for 0 to 8 days then as-
sessed for tubulin acetylation by staining blot samples

with antibodies that selectively recognize the acetylated

form of the microtubule subunit (Ac-TN). Acetylation of
tubulin is a post-translational modification that provides
a marker for determining the extent of microtubule sta-
bility (44). As shown, acetylated tubulin decreased grad-
ually over time after addition of the lysosomal disruptor.
The reduction was specific for the acetylated form since
total tubulin was unchanged during the lysosomal distus-
bance period (Figs. 4 [graph}, 6 [top]). Microtubule de-
stabilization was further indicated by evidence of frag-
mentation events that target acetylated tubulin. The
immunoblot in Figure 6 shows that antibodies to acety-
lated tubulin labeled fragments of approximately 30 and
40 kDa (see arrows), and production of these fragments
was gradually induced by the chloroquine treatment. The
smaller fragment appears to be the more stable of the two.

The gradual loss of acetylated tubulin and the slow
production of related fragments are in close correspon-

dence with the time course of intracellular deposition in

J Neuropathol Exp Neurol, Vol 61, July, 2002
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Fig. 6. Lysosomal dysfunction induces signs of microtubule
destabilization. Cultured slices were treated with chloroquine,
then homogenized and separated via SDS-PAGE for immuno-
blot detection of total tubulin (top) and acetylated tubulin (Ac-
TN). Arrows denote the location of fragments detected by af-
finity-purified antibodies against the acetylated form of tubulin.
The electrophoretic positions of 20- 1o 81-kDa standards are
shown on the left.

slices subjected to lysosohlal disturbance (Figs. 4, 6). Ma-

terial labeled by PHF-1 antibodies began to deposit in
neurons after 3 to 4 days of chloroquine exposure, the
same time at which signs of microtubule destabilization
and synaptic decline first occurred. Linear regression was
conducted on the integrated density values for acetylated
tubulin and synaptophysin from individual blot samples.
As acetylated tubulin decreased with different chloro-
quine treatment times, there was a correlated reduction
in synaptophysin protein levels across the slice samples
(r = 0.76, p < 0.0001), thus indicating a link between"
microtubule destabilization and synaptic decline (Fig. 7).
No comresponding changes were found after only 1 day

- of chloroquine treatment, that is, PHF-1 antibodies did

not label intracellular deposits, acetylated tubulin levels
were not significantly altered, tubulin fragmentation
events did not occur, and, as previously shown (12), the
initiation of synaptic decline was not evident.

The deposited material resulting from 1ysosomal dys- . -

function not only contained PHF epitopes but also was
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Fig. 7. Concentrations of acetylated tbulin correlate with
synaptophysin levels. Linear regression analysis was conducted
on the immunoreactivity measures of acetylated tubulin and
synaptophysin from individual blot samples of the plotted study
shown in Figure 4. The obtained correlation coefficient was
0.76 (p < 0.0001, 1-sample t-test of slope).

ubiquitinated. Anti-ubiquitin antibodies intensely labeled
deposits that gradually accumulated in pyramidal neurons
over time of chloroquine treatment (Fig. 8b). Contro! tis-
sue over-stained with the same antibodies showed that
while background staining increased, no intracellular de-
posits were detected (Fig. 8a). Similar ubiquitinated de-
position was elicited by treating slices for 6 days with 60
#M deacetyl-leupeptin or 100 M E-64, two protease
inhibitors known to block a number of lysosomal en-
zymes (data not shown). The globular mass induced by
chloroquine resembled the material recognized by anti-
bodies to human PHFs (Fig. 4). Using both antibodies,
chloroquine-mediated deposition was identified in pyra-
midal neurons of fields CA1 (Fig. 8b) and CA3 (Fig. 4),
as well as in dentate gyrus granule cells (Fig. 8c, d). The
intracellular deposition occurred in a polar manner, build-
_ ing up exclusively in 1 pole of the soma to encompass
the area of the axon hillock and initial branching of basal
dendrites in pyramidal neurons. As illustrated in Figure
9, the polar accumulation coincides with the area from
which axons (drawn as blue lines) stem from neurons of
the 3 hippocampal subfields. Despite the pronounced ac-
cumulation of material after =6 days of chloroquine
treatment, there were no overt signs of cell death (Fig.
10c¢).

The polar nature of the chloroquine-induced deposition
strongly suggests that cellular transport along basal den-
drites of the stratum oriens would be physically obstruct-
ed, while apical dendrites of the stratum radiatum (sr)
(Fig. 9) would maintain transport capability. To test
whether the polar deposition is associated with such uni-
directional blockage, HRP was applied to a small zone
of the s. pyramidale (Fig. 9, see boxed area) and the
peroxidase activity was assessed 2 h later. In a control
slice viewed by dark-field microscopy, HRP internalized
by CAl neurons was subsequently transported into the
elaborate arborization of basal and apical dendrites (Fig.

10a). High-power light-field micrographs indicated that
HRP extended into distal dendrite branches, spine struc-
tures, and long axons (not shown). Such transport was
greatly diminished by the effects of the lysosomal dis-
ruptor chloroquine. After 6 days of chloroquine exposure,
HRP transport into basal dendrites of the stratum oriens

. was completely blocked despite obvious perikaryontic
uptake (Fig. 10b).

While transport failure in the basal direction was ex-
pected in light of localized protein deposition, it was sur-
prising to find only trace indications of transport along
apical dendrites (Fig. 10b, arrows). Thus, lysosomal dys-
function leads to widespread transport failure, with at
least 1 direction being blocked independent of the phys-
ical obstruction. Similar to that found in field CAl, trans-
port was disrupted in both dendritic directions in CA3.
When chloroquine-treated tissue was stained with the tau-
1 antibody, the microtubule-binding protein was found
concentrated in the proximal area of apical dendrites (Fig.
11b) instead of the characteristic diffuse distribution in
control tissue (Fig. 11a). Such evidence of altered tau and
its disrupted transport also was found when slices were
treated with cathepsin inhibitors that cause amyloidogen-
ic fragment buildup and synaptic decline (12, 21) (data
not shown). Slice cultures treated for 1 day with chlo-
roquine exhibited normal HRP transport along apical
dendrites (n = 17 slices), similar to that found in 82
control slices. After 3 and 5 days of lysosomal dysfunc-
tion, however, 4 of 22 (18%) and 17 of 35 slices (49%)
exhibited severely impaired transport, respectively. Fol-
lowing 8 days of exposure, HRP transport was severely
impaired in 48 of 68 slices (70%) and impaired at the
moderate/severe level in 63 of the 68 slices (92%). Thus,
transport processes were gradually impaired over days of
chloroquine treatment, similar to the gradual nature of
intracellular deposition, deacetylation of tubulin, tubulin
fragmentation, and synaptic decline. Interestingly, these
deleterious events and resulting transport failure occurred
in neurons that were intact and with no evident pyknotic
changes (Fig. 10c). The neuronal density in chloroquine-
treated slices was consistent with that found in control
slice cultures. -

DISCUSSION

The present study shows that in addition to promoting
amyloidogenic accumulation (12), suppression of lyso-
somal activity also leads to changes in tau and related
deposition of PHF-immunopositive material in hippo-
campal neurons. Such events of abnormal protein pro-
cessing were linked to the selective decline in expression
of synaptic proteins including synapsin isoforms and syn-
aptophysin. Similar declines have been shown to accom-
pany early clinical stages of AD, especially in the hip-
pocampus (45-48). Previous studies found these types of
reductions to be indicative of synaptic decay (33, 49, 50),
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Fig. 8. Chloroquine induces polar deposits recognized by antibodies to PHFs and ubiquitin. Sections from control {(a and c)
and chloroquine-treated tissue (10 day treatment; b and d) were immunostained with antibodies against ubiquitin (a and b) and
PHF-] (¢ and d). The inset in (b) shows a higher magnification view of chloroquine-treated pyramidal neurons. Abbreviations:

_sp, stratum pyramidale; sg, stratum granulosum; st, stratum radiatum. Scale bars: 2 = 30 pm; b = 25 pm; b inset = 9 pm; ¢ =

30 pm; d = 35 pm.

Fig.'9. Diagram of intracellular dcposition. The polar de-
position induced by chloroquine is shown in brown. Axons are
shown in blue and the yellow and green exlensions portray the
basal and apical dendrites, respectively. Abbreviations: DG,
dentate gyrus; sr, stratum radiatum.

J Neuropathal Exp Neurol, Vol 61, July, 2002

feading to the identification of synapse loss as a major
correlate of cognitive decline (35, 51-53).

The link between synaptic decline and intracellular de-
position found in the hippocampal slice model is similar
to that identified in Alzheimer tissue (31, 35, 46). Protein
deposition has been shown to correlate with the severity
of neurodegenerative dementias (1), thus explaining the
connection between synaptic decline and cognitive im-
pairment. However, little is known pertaining to how in-
tracellular protein aggregates disrupt synaptic mecha-

"nisms. The  present tesults show that experimentally
" induced lysosomal dysfunction down-regulates the ex-

pression of synaptic proteins, and this corresponds with
the generation of intraneuronal aggregates throughout the
hippocampal subregions. Similar to the NFTs found in
Alzheimer brains, the deposited material was recognized
by antibodies to human PHFs and to ubiquitin. These
immunopositive inclusions deposited early in the slice
model in a pattern reminiscent of organelles, a finding
that is consistent with reports indicating that PHF for-
mation involves lysosomes (54, 55). PHF-tau also forms

_in Niemann-Pick type C disease where lysosomal dys-

function results from a single gene mutation (56). In the
Alzheimer hippocampus, elevated levels of cathepsin D,’
an indicator of lysosomal stress, and reduced expression
of synaptic mRNAs were found in tangle-bearing pyra-
midal neurons but not in neighboring NFT-free neurons
(31, 46) Lysosomes also are key organelles in the very
early pathogenesis of prion encephalopathies, another -




Fig. 10. Lysosomal disruption leads 1o altered transport ca-
pacity. Horseradish peroxidase (HRP) was applied o0 the CA|
pyramidal zone in a controf slice (2) and in a slice treated with
chloroquine for days (b); see the boxed area in Figure 9 as g
reference point for the HRP placement. Neurons were allowed
lo internalize and transport the HRP for 2 h, after which the
cultures were fixed and stained for peroxidase activity (viewed
by dark-field microscopy). Dense arrays of apical and basa)
dendrites exhibit transported HRP in the control slice. Despite
cellular uptake, only a few apical dendrites exhibit HRP label-
ing in the chloroquine-treated tissue (b, arrows). Nissi staining
also was conducted with hippocampal slices treated with chio-
roquine for 6 days (c). Abbreviations: 50, stratum oriens; sp,
stratum pyramidale; sr, stratum radiatum. Scale bars: a,b=170
pm; c = 80 um.

Fig. 11. Lysosomal disturbance alters the transport of en-
dogenous tau, lmmunostaining of hippocampal slice cultures
with the tau-1 antibody was compared before (a) and after (b)
4 days of lysosomal dysfunction induced with chloroquine,
Light, diffuse tau staining is evident in basal and apical den-
dritic fields of the control slice. In contrast, tay js concentrated
in proximal apical dendrites in the chioroquine-treated culture.
Abbrcviations: SP. stratum pyramidale; ST, stralum radiatum,.
View-field width: 250 pm.

family of diseases that is associated with aggregated pro-
tein deposits (57). Together with the slice model, these
data support the hypothesis that intracellular deposition
promotes synaptic decay early in the pathogenesis trig-
gered by abnormal protein processing, prior to the onset
of gross cellular atrophy. Moreover, the summarized stud-
ies indicate that lysosomal perturbation is a major con-
tributory factor in AD and perhaps other neurodegener-
ative disorders, as previously suggested G5, 6, 10).

function (12) or transport. As material gradually depos-
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a corresponding loss of microtubule structure as indicated
by tubulin fragmentation and decreases in acetylated tu-
bulin. Tubulin acetylation is a marker of stable microtu-

bules and was found to be reduced in Alzheimer brains '

(60). In fact, the intracellular appearance of NFT aggre-
gates coincided with diminished levels of the microtubule
slability marker, thus raising the speculation that NFTs
negatively impact transport processes. Not surprisingly,
further indication of microtubule destabilization in the
slice model was evidenced by the loss of transport ca-
pability. Over an extended period of lysosomal dysfunc-
tion, there was a correspondence that occurred between
the gradual deposition of PHF material and gradual dis-
ruption of somatofugal transport.

The induced intracellular deposition formed a cap en-
compassing the area from which axons stem from neu-
rons. While the deposited mass could act as an obstruc-
tion of transport corridors, the accumulation could merely
be an indicator of material that failed to be transported
in that direction. Such indications of early transport dys-
function have been found associated with neurodegener-
ative disease states (61, 62). If the deposited aggregates
play a role in obstructing the movement of cellular com-
ponents, physical obstruction cannot be the only reason
for transport failure. HRP delivery along dendrites was
reduced regardless of whether it was in the direction of
the polar deposition. Changes in tau localization by chlo-
roquine and specific lysosomal inhibitors further indicate

"transport failure in the direction opposite the polar ac-
cumulation. Other events associated with abnormal pro-

" tein processing and PHF formation must contribute to
transport dysfunction. The likely candidate is the loss of
microtubule integrity. Irregular tau processing may crip-
ple transport mechanisms by driving the tau—phospho-tau
equilibrium to the right as phospho-tau transforms into
PHFs, thus lowering the availability of normal tau for
“stabilizing microtubules. Alternatively, the abnormal pro-
cessing may disrupt tau’s ability to promote microtubule
assembly independent of PHF formation. Note that about
20% of slices displayed transport impairment after 3 days
of lysosomal dysfunction, a time at which the cultures
exhibited decreased acetylated tubulin content but only
trace levels of polar deposition. Soluble forms of defec-
tive human tau have been shown to cause neurodegen-
eration without forming tangle aggregates in fruit flies
(63). Transport mechanisms are necessary for cell viabil-
ity, and transport dysfunction indeed has been implicated
in a number of neurodegenerative conditions (60-62, 64).
In addition to the link between tau changes and transport
failure, a recent study suggests that amyloidogenic pro-
cessing would stall kinesin-mediated axonal transport
(65). Thus, muitiple avenues of abnormal processing
have the potential to disrupt transport systems that are
vital for synapse function.
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Following lysosomal dysfunction, protein deposits first
accumulated in the surrounding area of the axon hillock.
The initial deposition may indicate that axons are affected
by transport failure before dendrites, as similarly indi-
cated with regards to accumulations of huntingtin aggre-
gates, Lewy body-like inclusions, and lysosomes (61,
62). The carly deposits may serve to disrupt transport
processes into axons, or simply reflect the result of axonal
transport dysfunction. In either case, the localized accu-
mulation provides an explanation for the faster decline of
presynaptic proteins as compared to postsynaptic mark-
ers. The apparent presynaptic vulnerability is evident at
the protein level {12) as well as the message level. Re-
duced gene expression likely occurs as transport disrup-
tion depletes the resources of synaptic proteins, leading
to the generation of signals that regulate transcription.
Alternatively, somatic buildup of a protein due to trans-
port blockage could produce a negative feedback re-
sponse, thereby ceasing the expression of that particular
protein. It is of interest that the translation of tau appears
to occur at the proximal axon (66); thus, abnormal pro-
cessing/aggregation of newly synthesized tau could pro-
mote the early deposition and axon vulnerability reported -
here. Lysosomal dysfunction was previously implicated
in the reduction of axonal excitability (12), perhaps due
to altered tau chemistries or by the depletlon of trans-
ported components. .

The present report shows that altered transcription af-
fects synaptophysin levels before GluR1 expression. A
decline in presynaptic elements may be responsiblcv for
the reduced expression of postsynaptic receptors. The
slice mode! reproduces the kinds of reductions in gluta-
matergic receptors found in Alzheimer brains (67, 68).
Following disruption of microtubule-based transport
mechanisms, rapid tumover of presynaptic proteins could
promote early transcriptional regulation that translates
into delayed postsynaptic decline. Disrupted delivery of
transmitter release machinery may" impact postsynaptic
structures by diminishing synapse maintenance signals
and thereby initiating secondary pathology (12, 69, 71).
The inter-dependencies between pre- and postsynaptic el-
ements warrant the possibility that the receptor loss is a
consequence of reduced neurotransxmssxon and/or dete-
rioration of axons and axon terminals.

Overall, the results indicate that lysosomal dysfunction
precipitates a series of pathogenic changes leading ulti-
mately to transport failure, and this has a negative effect '
on synapses in several ways. The reported connection
between protein deposition, microtubule destabilization,
and transport disturbances further suggests that episodes
of lysosomal disturbance play a part in the pathogenesis
of age-related neulodegenemnon especially synaptic pa-

‘thology.
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Calpain-mediated spectrin
breakdown identifies
vulnerable brain regions at
middle age
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The cytoskeletal protein spectrin is targeted
by the calcium-dependent protease calpain in
different types of pathologies, during which
activation of the protease occurs in the most
vulnerable neuronal populations. In order to
identify areas vulnerable to neurodegeneration
during initial stages of brain aging, tissue from
3- and 12-month mice were assessed for the
calpain-mediated spectrin breakdown product
BDPy. Neocortical and hippocampal samples
from the middle-aged mice contained two- to
three-fold more BDPy than those samples
prepared from the young group of mice. In
contrast, no age-related change in spectrin
fragmentation was evident in olfactory bulb,
thalamic-rich, or hindbrain homogenates.
Immunocytochemical analyses revealed focal
labeling of BDPy along the dendrites and the
cell body membrane of cortical neurons in 12-
but not 3month mice. CA1 pyramidal neurons
of the middle-aged mice exhibited similar
immunostaining, while the other hippocampal
subfields did not These observations provide
_ evidence that calpain activation contributes to
the aging processes that potentiate neuronal
vulnerability.
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1. Introduction

Spectrin is an important cytoskeletal
component for the structural composition of
neurons. The spectrin network is susceptible to
proteolytic = damage during a varety of
pathogenic processes (see ref. 44 for a recent
review) as well as during normal aging [3,5,34].
The proteolysis of spectrin is largely mediated
by calpain, a calcium-activated thiol protease
found widely distributed in the brain [16,33].
Calpain activation follows the change in
intracellular calcium in vulnerable neurons
resuling from neurodegenerative insults
including brain trauma [35,37], ischemic events
in neonatal [10,11] and adult animals [36,39],
and exposure to neurotoxins [4,41,42]. Earlier
studies have also suggested that calpain-
mediated proteoly51s occurs in  neurons
vulnerable to the aging process [3,5]. Thus,
periodic  episodes of pathogemc calpam
activation may render select regions susceptible
to neurodegeneration in the aged brain.

The present study tested whether
calpain-mediated spectrin breakdown product is
produced at early stages of brain aging, and
whether this marker of neurodegeneration
identifies neurons that are particularly
vulnerable at later stages. Antibodies to the
calpain cleavage site in the spectrin molecule
were used to selectively measure the amino-
terminal breakdown product (BDPy). Brain
regions known to exhibit neuronal loss with
aging were found to possess greatly increased
levels of BDPy in middle-aged mice.

2. Methods :

Three-, 12-, and 18-month-old male
mice from the hybrid stock of B6D271
(C57BL/6 x DBA/2) were obtained from the
National Institute on Aging and observed for
health for a week. For the preparation of
immunoblot samples, animals were sacrificed by
metofane anesthesia and decapitation. Each
brain was rapidly cooled, removed from the
skull, and immediately dissected in ice-cold
homoge'nzauOu buffer containing 032 M
sucrose, 5 mM HEPES (pH 7.4), 1 mM EDTA,
1 mM EGTA, and the protease inhibitors
antipain (10 pg/ml), aprotinin, leupeptn,
pepstatin A (each at 2 pg/ml), and 03 mM
phenylmethylsulfonyl fluoride. Brain stem and
cerebellum were separated from the endbrain




and combined together. After removal of the
olfactory bulbs, the loosely attached core of the
caudal two-thirds of the endbrain contaming
primarily thalamus and hypothalamus was
collected. The neocortical tissue remained after
dissecting away the hippocampus from the
cortical shell. . The regions were quickly
_ homogenized in fresh homogenization buffer.
Homogenate samples denatured in 2.5% sodium
dodecyl sulfate and 3% B-mercaptoethanol were
then subjected to electrophoresis on
polyacrylamide gradient gels (3-17%) and
transferred to 0.2-um nitrocellulose as
previously described (see ref. 6). '

Affinity-purified antibodies to latter
residues of the aminoterminal spectrin fragment
produced by calpain, anti-BDPy [4], were used
to stain immunoblots. Secondary - antibody
incubation utilized anti-IgG-alkaline
phosphatase conjugates, and color development
used the 5-bromo-4-chloro-3-indolyl phosphate
and nitroblue tetrazolium substrate system.
Color development of immunoreactive bands
was terminated before maximal intensity was
reached in order to avoid saturation and to
ensure a linear relationship with increasing
‘amount of sample protein. Linearity tests were
conducted with 3 and 12-month mice samples
as well as with 3-month rat forebrain membranes
that were incubated with 2 mM CaCl, at 37°C
for 60 min in order to be positive for calpain-
mediated proteolysis. Image analysis was used
to obtain BDPy optical density and image area
measures, and the typical protein vs.
immunoreactivity correlation was 0.99.

For immunocytochemistry  studies,
animals under deep pentobarbital anesthesia
were perfused intracardially with 01 M
phosphate buffer (PB; pH 7.4), then with PB
containing 4% paraformaldehyde. The fixed
brains were cryoprotected in cold PB containing
20% sucrose ovemight. Using the avidin-biotin-
peroxidase technique, microtome sections of 30
pum were stained with affinity-purified anti-
BDPy, antibodies.

3. Results '
Affinity-purified ~ antibodies  raised
against the calpain recognition sequence were
used to label the 150-kDa spectrin breakdown
product BDPy in tissue homogenates prepared
from 3- and 12-month mice. Samples from

olfactory bulb (0), neocortex (N), hippocampus

" (H), thalamic-rich tissue (T), and cerebellar-
‘brain stem material (C) are shown in the anti-

BDP, immunoblots of Figure 1. Different
amounts of rat brain membranes exhibiting
calpain-mediated proteolysis were included on
the immunoblots as positive controls (lanes 1
and 2). Relative immunoreactivity levels of
BDP, were determined by integrated density
measurements from an image analysis system.
The spectrin breakdown marker exhibited a

pronounced difference among brain regions
isolated from the middle-aged mice (p<0.001,
nonparametric ordinary ANOVA; Kruskal

Wallis statistic = 19.5), while there was no

significant difference in the BDPy levels across
the 3-month samples (p=0.29). The olfactory
bulb contained particularly low levels of BDPy
in the 12-month samples. Note that the anti-
BDPy antibodies specifically recognized the
calpain-mediated fragment as previously shown
[4], and did not label the parent spectrin which
was verified to have migrated to the 240-kDa
position on the immunoblots (labeled S).
Age-related increases in BDPy were
evident in neocortical and hippocampal tissue
samples, but not in the tissue of the olfactory
bulb, thalamus, or hindbrain (Fig. 1, lower
panel). In neocortex, the eight mice 12 months
of age contained three-fold more spectrin
breakdown than that found in samples from the
nine young mice (p=0.01, nonparametric test).
Hippocampal tissue exhibited a two-fold
increase in the calpain-mediated spectrin
fragment between 3 and 12 months of age
(p<0.01). The increases in BDPy at middle age
were confirmed by normalizing the individual

. immunoreactivity values to a standard curve

(r=0.99; p<0.0001) generated from blot samples
containing increasing amounts of rat brain
membranes positive for spectrin fragmentation.
The normalized data exhibited the same fold
increases between the 3- and 12-month samples
as determined by the integrated density
measures. In addition, similar results with
regards to magnitude and regional selectivity
were found in samples from four mice 18
months of age.
~ In immunocytochemistry studies, only

trace, diffuse labeling of BDPy was evident in 3-
month brain tissue, most likely as a result of
regular spectrin turnover events. However, in




12-month mice, distinct tissue staining was
evident in the two regions identified from BDPy
immunoblots as vulnerable to calpain-mediated
damage. In the cortex, neurons in layer V were
immunopositive for the spectrin fragment found
concentrated in focal zones along dendrites and

the circumference of neuronal cell bodies. This

was seen in mice 12 months of age (Fig. 2b) but
not in' 3-month animals (Fig. 2a). Similar age-
related immunostaining was seen in the region
of the entorhinal cortex (data not shown). In the
hippocampus, the middle-aged mice had
distinctive punctate staining of BDPy in the CAl
pyramidal layer and neighboring dendritic fields,
and such staining was not evident in the young
animals (Fig. 3a vs. 3b). The age-related
immunoreactivity was most obvious in the CAla
region and extended into the subiculum. In field
CA3 and the dentate gyrus, only low levels of
diffuse BDPy staining were found in 3- (Fig. 3¢)
and 12-month mice (Fig. 3d). When the primary
antibody ~ was  removed from  the
immunocytochemistry procedure, no labeling
occurred in any brain region.

4. Discussion

The present findings indicate that
proteolytic damage occurs in a subset of neurons
early during the brain aging process. The
- spectrin fragment BDPx produced by calpain is
a reliable marker of neurotoxicity and several
disease states, and was shown here to
accumulate in select brain regions of middle-
aged mice. While no apparent change in the
parent spectrin was found between 3 and 12
months of age, BDPy concentrations increased
two- to three-fold in the cortex and
hippocampus. The spectrin breakdown event
thereby provides an extremely sensitive marker
of age-related changes, occurring early when
total spectrin and thus cellular integrity are not
significantly altered. The middle-age brain
regions identified as being affected by calpamn
activity are particularly vulnerable in the aged
human brain [26,28]. The same brain regions
also are vulnerable to calpain-mediated damage
early after an excitotoxic insult [36,39].
Therefore, synaptic excitability at middle age
may lead to localized changes in cellular
calcium to produce the synapse-like focal zones
of calpain activation shown here. Calcium
regulation is especially compromised in regions

that exhibit damage in the aged brain [14,20,45],
further indicating that aging potentiates
vulnerability to calcium-dependent
neurodegenerative events. These findings and
the present data also add support to the idea that
neuronal vulnerability to excitotoxic damage is
increased by age-related processes
[1,13,23,27,46].

The selective accumulation of BDPy
corresponds with the regional selectivity
exhibited by age-related synaptic deterioration
[2] and with changes in cytoskeletal and
microtubule components that also arise at

- middle age and persist late into the lifespan of

mice [1,5,6]. Besides proteolytic damage to the
structural nature of neurons, calpain activation .
may also induce damage to lysosomal
membranes. For example, the persistent
cytoskeletal damage initiated at middle age

"correlates with the progressive destabilization of

neuronal lysosomes that starts early in the aging
rat brain [22, 24,30, 31}, in the aging human
brain [8], and in age-related disorders [12,15].
The activated form of calpain was localized to
disrupted lysosomal membranes of CAl neurons
prior to cell death in the ischemic primate brain
(see ref. 47). In addition, lysosomal disruption
and resultant leakage of contents were evident
only in the ischemia-vulnerable CAl neurons
[48], the same subfield found to exhibit the
earliest and most pronounced level of calpain
activation (see ref- 44). Thus, the calpain
responses found in Alzheimer’s disease and
Parkinson’s disease [17,25,29,32,40] may
explain why lysosomal dysfunction and

" upregulation of lysosomal hydrolases have been

linked to age-related types of pathogenesis
[1,7,15,18, 19,21,43,49].

: The constant production of spectrin
fragments throughout the span of aging could

weaken protein degradation pathways in

lysosomes,  possibly  inducing  feedback
mechanisms to upregulate hydrolase levels.
Persistent calpain activation events also would
cause proteolytic degradation of the endogenous
inhibitor calpastatin [10,38], thereby promoting
unregulated proteolysis and further lysosomal
strain. Interestingly, vulnerable brain regions
that express calpain proteolysis at middle age
also exhibit activation of compensatory systems
in response to lysosomal stress. Specifically, the
lysosomal hydrolase cathepsin D increased in
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hippocampal field CAl but not CA3 m 12-
month animals [9], the same regional selectivity
shown here for calpain-mediated BDPy.
Together with the earlier discussion, these

findings suggest that calpain plays a role in the

abnormal protein processing involved in age-
related disorders, and that increases in lysosomal
hydrolases with aging and ischemia occur, at
least in part, to compensate for calpain-mediated
cellular changes.
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Figure 1. Increase in calpain-mediated proteolysis occurs in select brain regions of
middle-aged mice. Equal protein aliquots (100 pg) of homogenized tissue samples
from mice at 3 and 12 months of age were analyzed on a single immunoblot using

antibodies against the calpain recognition sequence in spectrin. Rat brain

membranes expressing calpain-induced spectrin fragmentation were included in
lanes 1 and 2 as positive controls (6 and 80 pg protein, respectively). The 150-kDa
BDP, antigen was sufficiently immunolabeled for image analysis while no
labeling occurred to the parent spectrin (S) whose electrophoretic position was
subsequently determined by anti-spectrin staining. Lower panel: BDPy in samples
from nine young mice and eight middle-aged mice was quantitatively compared
within single blots using integrated densitometry. Each bar represents the mean
immunoreactivity £ SEM. Two-tailed Mann-Whitney U-est: *p=0.01, **p=0.005.
O, olfactory bulb; N, neocortex; H, hippocampus; T, thalamic-rich tissue; C,
cerebellum and brain stem. '




Figure 2. Focal localization of calpain-mediated spectrin breakdown is evident in
the cortex of middle-aged mice. Brain sections from 3- (a) and 12-month-old mice
(b) were subjected to immunocytochemical staining with antibodies that
specifically recognize the calpain-mediated BDPy antigen. The photomicrographs
show that patterned, punctate immunoreactivity is present in the 12-month tissue
along cortical neurons (see arrows). Scale bar: 30 pm.




. Figure 3. Calpain-mediated spectrin breakdown product selectively accumulates in
field CA1 of the hippocampus from middle-aged mice. Brain sections from 3- (a
¢) and 12-month-old mice (b, d) were immunostained with antibodies that
specifically recognize the calpain-mediated spectrin - fragment BDPy.
Photomicrographs show the pyramidal zone of the CA1 subfield (a, b) and the
regions of CA3 and dentate gyrus (c, d). sg, stratum granuldsum; sp, stratum

pyramidale; sr, stratum radiatum. Scale bar: 2 and b, 50 pm; ¢ and d, 100 pm.

1
|
g Figure 4 (below). Calpain I-mediated spectrin breakdown product selectively
accumulates in field CAl of the hippocampus from middle-aged mice. Brain
sections from 3- (a, ¢) and 12-month-old mice (b, d) were immunostained with

antibodies that specifically recognize the calpain-mediated spectrin fragment

the regions of CA3 and dentate gyrus (c, d). sg, stratum granulosum; sp, stratum
| pyramidale; sr, stratum radiatum.
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Scale bar: aand b, 50 pm; ¢ and d, 100 pm.
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ABSTRACT
Positive Modulation of AMPA-Type Gluta(rnate Receptors Elicits Neuroprotection . after
Trimethyltin Exposure in Hippocampus. Munirathinam, S., Rogers, G., and Bahr, B. A. (2002).
Toxicol. Appl. Pharmacol. 000, 000-000.

The a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid | (AMPA)-type
glutamatergic receptors have been linked to survival signaling, especially when the receptors are
allosterically modulated by members of the Ampakine family. While increased glutamatergic
communication through AMPA receptors has been shown to protect against toxic conditions that
target hippocampal subfield CA1, protection in other subfields has not been shown. Accordingly,
positive modulation of AMPA receptors by Ampakine compounds CX727 and CX516 was tested
for effects on trimethyltin (TMT) neurotoxicity in rat Mépocampal slice cultures. TMT was
applied for 4 h followed by a rapid washout and antagonistic quenching of AMPA and N-
méthyl-D-aspartate (NMDA) receptors. After a 24-h period, the TMT-exposed slices exhibited
increased levels of calpain-mediated spectrin breakdown as well as synaptic deterioration. TMT
selectively targeted CA3 pyramidal neurons and dentate gyrus (DG) granule cells as evidenced
by degeneration and neuronal loss. The cytoskeletal and synaptic damage was reduced when
Ampakine modulation was initiated during the post-insult period. Furthermore, the extent of
protection was comparable to that produced by the NMDA receptor antagbnist APS. The above
results were substantiated by histological experiments, revealing that Ampakine treatment
prevented TMT-induced cell loss in CA3 and DG. Thesé results indicate that AMPA receptor

signals are part of cellular repair responses following exposure to an environmental toxin.

Key words: Ampakines, BDP, calpain, CX516, excitotoxicity, hippocampal slice culture,

spectrin breakdown product




INTRODUCTION

AMPA—type glutamate receptors are known to participate in higher cognitive functions in
the mammalian brain. Positive modulation of AMPA receptors by the Ampakine class of
compounds improves channe] function by making the receptors more responsive to endogenous
ligand and specific agonists (Tang et al., 1991; Arai et al., 1996; Suppiramaniam et al., 2001).
Positivé modulators in the Ampékine family of benzamide derivatives act selectively on AMPA
receptors. The resultant increase in glutamatergic transmission has been shown to be associated
with enhanéed synaptic plasticity and memory retention (Staubli et al,, 1992, 1994; Granger et
al., 1996; Hampson et al., 1998; Lebrun et al., 2000).

Excessive glutamatergic activity through AMPA receptors is known to facilitate
éxcitotoﬁc damage, and negative modulation of the receptor activity through antagonists is well
known to be protective (Buchan et al., 1991, Ne'llgard and Wieloch, 1992; Sheardown et al.,
1993). Interestingly, low-level stimulation of AMPA receptors by endogenous glutamate has been
shown to enhance neuronal survival and promote synaptic maintenance (Bambrick et al., 1995,
McKinney et al., 1999). This is likely related to the fact that besides having iohotropic properties,
AMPA receptors are linked to the neuroprotective mitogen-activated protein kinase (MAPK)
pathway (Wang and Durkin, 1995; Hayashi et a_l., 1999; Bahr et al., 2002; Limatola et al., 2002).
This signaling pathway can be positively modulated (Bahr et al., 2002), thereby implicating it in
Ampakine induction of neurotrophic factor expression (Lauterborn et al, 2000) and
neuroprotection against stroke-type excitotoxicity (Bahr et al., 2002). Thus, AMPA receptors are
part of a cellular mechanism(s) that is necessary for both information processing and
compensatory signals in response to injury.'

In the present study, we tested whether enhanced glutamatergic signaling elicits

protection across different hippocampal subfields. Thus, AMPA receptor modulation was tested




for neuroprotection against trimethyltin (TMT) exposure. TMT is an organotin molecule that has -

been used to model selective brain damage (Dyer et al., 1982; Chang, 1996; Ishida et al., 1997;
Noraberg et al., 1998, Philbert et al., 2000). The potent neurotoxin targets vulnerable neurons
and is known to cause amnesia and selective damage in the hippocampus, possibly through
excitotoxic mechanisms (Brodie et al., 1990; Feldman et al., 1993; Bahr et al., 1995b; Dawson et
al,, 1995). TMT exposure causes seizures in animal models and humans (Feldman et al., 1993;
Ishida et al., 1997), as well as severe deficits in learning and memory (Kreyberg et al., 1992;
Ishida et al., 1997; Ishikawa et al., 1997). At the molecular level, TMT exposure leads to distinct
changes in growth factor and activity-dependent gene expression (Andersson et al., 1997),
evidence of cytoskeletal damage (Bahr et al, 1995b, 2002), and selective loss of adhesion
molecules (Dey et al., 1994) and synaptic markers (Harry et al., 1985; Brock and O’Callaghan,
1987, Bahr et al., 2002). The hippocampal slice model was used since the hippocampus is a brain
area that has been extensively utilized to study TMT toxicity. It is advantageous to use the slice
model because of its features characteristic of the adult brain including the circuitry, integrity,
and organization of neuronal subfields (Bahr et al., 1995a). Neurotoxicity measures of particular
interest were the loss of synaptic proteins and the activation of the calcium-dependent protease
calpain. The decline in expression of synaptic markers represents early neurodegeneration and is
useful for identifying potential compensatory pathways (Harry et al, 1985; Brock ‘and
O’Callaghan, 1987, Bahr et al., 1994, 1998, 2002; Bendiske et al,, 2002; Bendiske and Bahr,
2002). Many types of toxic insults are known to promote calpain-mediated degradation of the
cytoskeleton, a sensitive and very early marker of pathology (see Vanderklish and Bahr, 2000).
Experiments were conducted to study the neuroprotective effect of two positive modulators of
AMPA receptors, Ampakine CX516 [1-(quinoxalin-6-ylcarbonyl)piperidine] and the related

compound CX727. CX727 is a metabolically stable analog of the Ampakine CX516.
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METHODS
Hippocampal slice preparation. Sprague-Dawley rat litters (Charles River Laboratories,
'VWiIming‘ton, MA) were housed in accordance with guidelines from the Nafional Institutes of
Héalth. AnimalsA 11-12 days postnatal were quickly treated with isoflurane anesthesia then
decapifated to prepare brganotypic hippocampal slices. The bfains were rapidly removed and
cooled in ice-cold buffer containing 124 mM NaCl, 3 mM KCI, 2 mM CaCl,, 4 mM MgSO4, 1.25
mM KH,PO, 26 mM NaHCO; 10 mM D-glucose, 2 mM ascorbic acid and 75 pM adenosine
(pH 7.2). Hippocampi were collected and 400-pum transverse slices were prepared starting from
the septal to the temporal end. Groups of 7-8 slices weré distributed‘ onto Biopore insert
membranes (Millicell-CM, Millipore Co., Bedford, MA), which remained in contact with the
culture media. The media included 50% Basal Medium Eagle, 25% Earl’s salt solﬁtion, 25%
horse serum, and supplemented to the following final concentrations: 136 mM NaCl, 2 mM
CaClg,Z.S mM MgSO,4 4 mM NaHCO3 3 mM glutamine, 40 mM glucose, 0.4 mM ascorbic acid,
' 20 mM HEPES buffer (pH 7.3 at 23 °C), 1 mg/L insuliﬁ (24 1.U. per mg), 5 units/ml penicillin,
and 5 mg/l streptomycin. The slices were maintained for 15-20 days at 37 oVC in a humid

incubator supplied with 5% CO,, withthe media being changed every 2-3 days.

Treatment schedule. Freshly prepared medium was changed one day before the actual
experiment. Slices were treated with 100 uM TMT (Aldrich Chemical Co., Milwaukee, WI) in \
serum-free media for 1-4 h. The slices were then washed twice (5 min each) with media
containing 20 pM MKS801 and 40 uM CNQX (Tocris, Ballwin, MO) in order to establish a
controlled, acute toxic exposure. Glut_amate receptor antagonists inhibit the progressive cellular
changes induced by TMT as previously shown (Bahr et al., 1995b). Groups of TMT-treated

slices were allowed to recover in media containing serum for 24 h in the presence of Ampakine
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compounds (0-100 pM). Ampakine comp.ounds were used at the respective concentrations that
produced mild to maximal increases in electrophysiological response size measured in
hippocampal slices (e.g., see Arai et al., 1996). A separate group of slices were co-exposed with
TMT and the NMDA receptor antagonist AP5 (TOCRIS, Ballwin, MO) for 4 h. All treatmeﬁt

groups were harvested after the 24-h recovery period.

Immunoblot analyses. Inmunoblot technique was carried out as described (Bahr et al., 1995b,
2002). Slice cultures prepared from 25 brains were harvested in ice-cold homogenization buffer
containing 0.32 M sucrose, 5 mM HEPES buffer (pH 7.5), 1 mM EDTA, 1 mM EGTA, 0.02%
NaNj, 10 pg/l antipain, and 2 pg/l each of leupeptin, aprotmm and pepstatin. In groups of 6-8,

the slices were gently harvested using a soft brush. Slice samples were then subjected to one
freeze-thaw cycle and homogenized by sonication in 50 pl of hyposomotic lysis buffer
containing 8 mM HEPES buffer (pH 7.4), 1 mM EDTA, 0.3 mM EGTA, and protease inhibitors
listed above. Protein concentration was determined with BSA as the standard. Equal aliquots of
the slice samples (85 ug protein) were prepared in 2.5% (wt/vol) SDS in the presence of 3%
(vol/vol) B-mercaptoet-hanol and incubated at 100 °C for 5 min. The denatured samples were
then subjected to electrophoresis on polyacrylamide gradient gels (4-16% wt/vol) and transferred
to nitrocellulose (0.2 um pore size) for 12 h. Immunodetection of transferred proteins used the
following antibodies diluted in 1.5% nonfat dry milk: anti-GluR1 prepared as described (Bahr et
al., 1996), anti-synaptophysin (Boehringer Mannheim, Indianapolis, IN), and anti-spectrin BDPy
(Bahr et al., 1995b). The nitrocellulose membrane was incubated with primary antibodies at 4°C
overnight with gentle agitation. Secondary antibody incubation utilized anti-IgG-alkaline
phosphatase conjugates. For color development, the 5-bromo-chloro-3-indolyl phosphate and

nitroblue tetrazolium substrate system was used. Color development was stopped prior to
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maximal intensity to avoid saturation, and single blots were used for comparative studies
between different antigens. Integrated densities of the labeled antigens were quantitatively -
compared within single immunoblots using software from Bioquant Image Analysis System

(R&M Biometrics,Inc., Nashville, TN).

Tissue staining by Nissl. Cultured hippocampal slices prepared from 10 brains were fixed with

4% paraformaldehyde for 2 h, then fixative was removed and replaced with 20% sucrosé for 1 h.

Sections of 20-pm thickness were cut and stained with cresyl violet.
Statistics. Data were expressed as mean + SEM and statistical significance was determined by

one-way analyses of variance followed by the Tukey-Kramer multiple range tests. Differences

were considered significant at p<0.05.

RESULTS

T™MT Tpxicitv in Hippocampal Slice Cultures

The toxic action of TMT was assessed in long-term hippocampal slice cultures. Time-
dependent changes were fpund in markers of cytoskeletal and synaptic comf)onents after
exposure to 100 uM TMT. TMT was used at a sufficient level to elicit acute toxicity in a rapid
manner throughout the”multiple cell layers of the organotypic cultures (see Bahr et al., 1995a).
Cleavage of the cytoskeletal protein spectrin via the protease calpain increased over time of TMT
| eprsure (Fig. 1A). The amino-terminal spectrin breakdown product (BDPx) of 145 kDa was |
Jabeled in immunoblot samples with antibodies directed against the calpain recognition site. The

TMT insult of 1 h caused calpain activation, and the BDP response was still evident 5 h post-




insult (solid line). This BDP signal dissipated by 24 h post-insult (dotted line), concluding that
the tissue can exhibit recovery from short toxin exposure. However, longer TMT treatment of 4 h
* caused sustained pathogenic activation of the protease that continued to increase over the 24 h
recovery period. Similar evidence of sustained neurodegeneration after a 4-h TMT exposure was
found by measuring the postsynaptic marker GluR1 (Fig. 1B) and the presynaptic marker

synaptophysin (see Fig. 2B).

Positive Modulation of AMPA Receptors Promotes Cvtoskeletal and Synaptic Repair

Next, we tested positive modulators of AMPA receptors for neuroprotection in
hippocampal slice cultures previously exposed to TMT for 4 h. Allosteric modulators of the
glutamate receptors, termed Ampakines, have been previously shown to promote cell survival
through the link between AMPA receptors and MAPK signaling (Bahr et al, 2002). The
Ampakine CX727 was infused into the slices for the 24-h post-insult period, 'aﬁer which slice
samples were prepared and analyzed for the calpain BDP response (Fig. 2A), synaptophysin
(Fig. 2B), and GluR1 (Fig. 3A). The molecular markers indicated protection when comparing
immunoblot samples from TMT-exposed slices (n=18-27 groups of 7-8 slices each) with thqse
that received CX727 after the insult (n='12 groups). The Ampakine CX727 reduced the TMT-
mediated spectrin breakdown in a dose-dependent manner, completely eliminating the calpain
activation event at the higher dose (post-hoc Tukey test: p<0.001). Correspondingly, the
neuroprotectant action restored the pre- and postsynaptic proteins to levels comparable to those
found in control slices (n=17-24 untreated groups). Similar to the cytoskeletal protection, F igure

2B shows that the .higher dose of CX727 also caused complete restoration of the presynaptic

marker (p<0.001). At the lower CX727 dose of 20 pM, TMT-induced spectrin proteolysis was




reduced by 37%, synaptophysin exhibited 39% recovery, and GluR1 exhibited 51% recovery
(post-hoc tests: p<0.001, p<0.05, and p<0.001, respectively).

The observed neuroprotection associated with post-insult Ampakine treatment was
compared to that produced by the known blocker of excitotoxicity AP5. APS is an NMDA
receptor antagonist that has previously been shown to block pathogenic calpain activation
induced by TMT (Bahr et al., 1995b). When 100 uM APS5 Was present during both the 4-h insult’
and‘the recovery period, the - TMT-induced spectrin breakdown measure of 36 + 2.2 was
significantly reduced to 4.4 + 2.1 (p<0.0001). This is the same level of BDP reduction as that
produced by the post-insult application of the Ampakine CX727 (Table 1). AP5 also caused
pronounced restoration of the synaptic marker GluR1 (Fig. 3B)._ Similar levels of synaptic
protection were elicited by CX727 (see Fig‘ 3A; post-hoc test: p<0.001) when applied during the

recovery period.

Positive Modulation of AMPA Receptors Promotes Cell Survival

CX516 appears to be more effective than CX727 with regards to protecting against TMT-
induced calpain activation and resultant spectrin breakdown. Evidence of spectrin proteolysis
was completely abolished by Ampakine CX516 at 20 uM ih TMT-treated slices, whereas 100
pM CX727 was required for such a level of neuroprotection (Table 1). Note that Arai et al.
(1996) have demonstrated that 20 pM CX516 is comparable to the concentration needed to
increase glutamatergic communication in hippocampal circuitries. Blocking cytoskeletal damage
after excitotoxic protease activation is an important factor for cellular recovery since a
correspondence exists between the extent of calpain-mediated spectrin breakdown and cell deaﬁh
(Bahr et al., 2002). Due to its potent abtion against spectrin breakdown, CX516 was tested for its
ability to prevent neuronal loss in vulnerable regions. In addition to cytoskeletal damage and
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synaptic decline, hippocampal slice cultures exposed to TMT for 4 h ekhibited regionally selective
cell death. Cresyl violet-stained sections revealed a marked decrease in CA3 pyramidal neurons
and dentate gyrus granule cells (Fig. 4, middle panels) as compared to sections from control slices
(top panels). Pyknotic alterations are evident in the remains of the CA3 subfield, and the dentate
gyrus consists almost entirely of pyknotic nuclei in TMT-treated slices. The Ampakine modulator
CX516 was applied post-insult, resulting in dramatic prevention of the pyknotic changes and cell

death (Fig. 4, bottom panels).

| DISCUSSION

The data presented show that for a prolonged period following TMT treatment, the
exposed hippocampal tissue exhibited néuronal damage including cytoskeletal and synaptic
deterioration. The latter correlates with previous in vivo studies in which the toxic action of TMT
was shown to cause a marked loss of synaptic components (Harry et al, 1985; Brock and
O’Callaghan, 1987; Whittington et al., 1989). TMT-treated hippocampal slice cultures provide a
convenient model of selective neurodegeneration. The regional selectivity of the TMT-induced
damage in the slice model was similar to that found in adult rats (Andersson et al., 1997).
Interestingly, TMT action, in vitro and in vivo, targets the same subfield found to be particularly
vulnerable to kainate-induced seizure activity (Nadler et al., 1980; Bi et al., 1996).

As with seizure responses, the TMT toxicity in the slice model involves glutamate since an
NMDA receptor antagonist elicited cytoskeletal and éynaptic protection. Glutamate excitotoxicity
has been suggested to play a role in the toxic action of TMT (Patel et al., 1990; Bahr et al., 1995b;
Dawson et al., 1995, Patterson et al., 1996; Ishida et al., 1997). However, TMT appears to express
dual mechanisms of neurotoxicity with differential ‘involvement of excitotoxic events. Low

concentrations of TMT caused apoptotic death of cerebellar granule cells through oxidative
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signaling, and higher TMT levels initiated necrotic death mediated by glutamate receptors
(Gunasekar et al., 2001). Excitotoxicity was found to contribute little to the TMT-induced
apoptosis in the granule cells. The concentration of TMT uséd in the present report suggests that
the necrotic mode of cell death occurs in the hippocafnpal slice model. This is consistent with the
pyknotic changes found in the déntate gyrus granule cell layer and in the CA3 pyramidal zone.
NMDA receptors are a primary focus of studies on excitotoxicity (Lynch and Guttmann, 2002),
and blocking these receptors in the slice model caused a marked reduction in neurodegeneration. In
contrast, blockage of NMDA receptors did not reduce TMT-mediated apoptosis in cerebellar
granule cells (Gunasekar et al., 2001). |

Results from the slice model indicate that cellular repair is elicited by the positive
modulation of glutamatergic activity through AMPA recéptors. Enhanced. glutamatergic activity .
has previously been shown to increase synaptic resilience and neuronal survival in vitro and in
vivo (Bambrick et al.,. 1995; McKinney et al., 1999; Bahr et al., 2002; Limatola et él., 2002). Our
current results clearly show that, through allosteric modulaﬁon, AMPA receptor responses can be
intensified in such a Wéy as to strengthen survival signaling and reduce hippocarﬁpal damage.
The allosteric modulators used are known to selectively act on the AMPA class of glutamate
receptors, leading to distinct changes in channel properties (see Staubli et al, 1992,
Suppiramaniam et al., 2001). Previous studies identified a functional link between AMPA
receptors and MAPK, and the work indicated that this pathway represents a compensatory
response to CAl-targeting excitotoxins (Bahr et al., 2002). The present work found that the
survival system activated with Ampakine modulators also protects against CA3-targéting
neurotoxin exposure. Thus, the glutamate-mediated survival respcl)ns\e can be 'exploited to

attenuate the pathogenic sequela set in motion by the action of neurotoxins. It stands to reason
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that, following toxin exposure, glutamatergic communication between affected neurons appears
is vital for cellular maintenance signals.

Survival signaling through AMPA receptors may involve brain-derived neurotrophic
factor (BDNF). AMPA receptor activation has been shown to increase BDNF mRNA (Hayashi
et al., 1999) in a manner that can be positively influenced by Ampakine modulation on the same
time scalev as shown here for neuroprotection (Lauterborn et al., 2000). BDNF is a well-known
component of injury-induced compensatory responses. In fact, the endogenous pathway that
activates BDNF expression may explain why the CA1 region is not affected by TMT exposure
(Andersson et al., 1997; also see Xiao et al, 1999). The CA3 region does not exhibit a
compensatory change in BDNF production and, accordingly, is vulnerable to degeneration in the
TMT-treated rat. It is conceivable that the AMPA receptor signaling pathway promotes those
endogenous self-repair mechanisms that alone are not sufficient to protect vulnerable neurons

against a toxic insult.
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Table 1. Ampakine modulators and NMDA receptor antagonist produce similar levels of

protection against TMT-induced cytoskeletal damage and synaptic decline.

Reduction of Restoration of
Neuroprotectant Spectrin Breakdown GluR1
Ampakine CX516
' 20 uM 99% 44%
100 uM 100% ‘ 70%
Ampakine CX727 |
- 20 uM 37% 51%
100 uM 93% ' 79%
AP5 4
100 pM 95% 74%

Levels of neuroprotection were determined from slice cultures previously exposed to TMT for 4
h. Neuroprotectants were infused into the slices for a 24-h post-insult period, after which the

slices were harvested and assessed for changes in BDP and GluR1 by immunoblot.
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FIGURE LEGENDS

Figure 1. Markers of cytoskeletal damage and synaptic decay illustrate the time course of TMT
toxicity. Cultured hippocampal slices were treated with 100 uM TMT for 1 h or 4 h, then rapidly
washed and quenched with CNQX and MK-801. The slices were maintained in culture during
the 5-h (solid line) or 24-h (dotted line) post-insult period. Slices were harvested and samples
were assessed in parallel by immunoblot. Integrated optical density levels of immunoreactivity
(y-axis) were determined by image analysis (mean = SEM), and the results obtained for spectrin
BDPx (A) and GluR1 (B) were plotted for 5-h (n = 6 groups of 7-8 slices each) vs. 24-h (n=7)
post-insult data. Immunoblot lanes represent slices treated with TMT for 1 h and harvested 24 h

later (lane 1), and with TMT for 4 h and harvested 5 (lane 2) or 24 h later (lane 3).

Figure 2. Positive modulation of AMPA receptors promotes cytoskeletal and synaptic repair.
Hippocampal slice cultures were untreated or exposed to 100 uM TMT for 4 h followed by rapid
quenching of glutamate receptors. The 24 h post-insult recévery period was conducted in the
‘presence of 0-100 pM CX727. Harvested slicé samples were analyzed by immunoblot to
determine integrated optical density levels of immunoreactivity for calpain-mediated spectrin
BDPx (A) and the presynaptic marker synaptophysin (B). Immunoblot lanes 1-4 correspond to
the treatment order of the graphs. Each bar represents the mean integrated density + SEM.

Analyses of variance: A, p<0.0001 and F=125; B, p<0.0001 and F=49.3.
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Figure 3. Ampakine CX727 and APS5 elicit similar synaptic protection against TMT exposure.
Slices were untreated or eiposed to 100 ]J.M TMT for 4 h with the 24 h post-insult period
“including 20 or 100 uM CX727 (A). Alternafively, both the TMT exposure time and the post-
insult period were conducted in the absence or presence of AP5 (B). Slice samples were analyzed
by immunoblot to determine the integrated optical density levels for the AMPA receptor subunit
GluR1. Immunoblot lanes 1-4A correspond to the treatment order in panel A. GluRl
immunoreactivity is expressed as mean integrated density £ SEM. Analyses of variance: A,

p<0.0001 and F=61.7; B, p<0.0001 and F=183.

Figure 4. Positive modulation of AMPA receptors promotes cell survival. Cultured hippocampal
slices were untreated (top panels) or exposed to 100 uM TMT for 4 h foliowed by a 24-h poét;
insult period in the absence (middle panels) or presence of 100 pM CX516 (bottom panels)v
Slices were then fixed, sectxoned and stained by lesl Low power photomicrographs show all
neuronal subfields including the dentate gyrus (DG) and CA3 that are targeted by TMT ’(see
arrows). High power photomicrographs are shown to illustrate neurodegeneration induced by

TMT. Size bar; leftmost panels, 106 pum; remaining panels, 22 um.
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Abstract _

Multiple lines of evidence implicate
lysosomes in a variety of pathogenic events that
produce neurodegeneration. Genetic mutations
that cause specific enzyme deficiencies account
for more than 40 lysosomal storage disorders.
These mostly pre-adult diseases are associated
with abnormal brain development and mental
retardation. Such disorders are characterized by
intracellular deposition and protein aggregation,
events also found in age-related
neurodegenerative  diseases  including 1)
Alzheimer’s disease and related tauopathies, ii)
Lewy body disorders and synucleinopathies such
as Parkinson’s disease, and iii) Huntington’s
disease and other polyglutamine expansion
disorders. Of particular interest for this review is

evidence that alterations to the lysosomal system

contribute to protein deposits associated with
different types of age-related neurodegeneration.
Lysosomes are in fact highly susceptible to free
radical oxidative stress in the aging brain,
leading to the gradual loss of their processing
capacity over the lifespan of an individual
Several studies point to this lysosomal
disturbance ‘as being involved in amyloidogenic
processing, formation of paired helical
filaments, and the aggregation of a-synuclein
and mutant huntingtin proteins. Most notably,
experimentally-induced lysosomal dysfunction,
both ir vitro and in vivo, recapitulates important
pathological features of age-related diseases
including the link between protein deposition
and synaptic loss.

The endosomal-lysosomal pathway
congists of a dynamic system of organelles
working to recycle cellular ingredients, thereby
providing a constant supply of basic components
necessary to maintain the health of the cell.

‘Many neurodegenerative diseases arise from
~lysosomal dysfunction, thus indicating the

importance of these organelles for cell viability.
Mutations that cause lysosomal enzyme
deficiencies result in approximately 40 different
syndromes. These diseases, termed lysosomal
storage disorders (LSDs), have insidious effects
with a time of onset ranging from in ufero to 25
years of age (see Walkley, 1998). Reduced
lysosomal capacity leads to the deposition of
cellular material and the characteristic
developmental problems.

Intracellular accumulation of aberrant
protein and glycoconjugate species is believed to
underlie the neurodegeneration as well as the
clinical manifestations of LSDs including mental
retardation, progressive cognitive decline, and
behavioral inappropriateness. ~ Similar
phenotypic changes are common in diseases
such as  Alzheimer’s disease  (AD),
frontotemporal dementia, and Parkinson’s
disease (PD). Interestingly, aberrant cellular
accumulations also are shared by LSDs and age-
related neurodegeneration, and evidence
suggests that lysosomal disturbances play a role
in both. Noted in Table 1, abnormal lysosome
functioning is not only associated with the early-
onset pathologies but also with the later-onset
age-related diseases. In addition, lysosomes play
a part in the early pathogenesis of prion
encephalopathies (Laszlo et al.,, 1992). Cellular -
compromise is initiated at a critical level of
lysosomal capacity, which is reduced with brain
aging. Lysosomal instability appears to progress
throughout the lifespan of an animal (see Brunk
and Brun, 1972; Kikugawa et al., 1994,
Nakamura et al., 1998). Gradual alterations to
the lysosomal system with age may very well be
the reason aging is the primary risk factor for
many neurodegenerative diseases.

As in the case of LSDs, many of the
later-onset disorders in Table 1 exhibit a degree
of lysosome alteration, thus prompting studies
addressing whether lysosomal disturbances
contribute to age-related pathogenesis. This
short review summarizes the evidence that
lysosomal dysfunction plays a part in protein




aggregation events found in AD as well as in
tauopathies linked to chromosome 17 mutations
(FTDP-17). Lysosomes may also promote
intracellular deposits that are hallmarks of other
age-related  disorders  including ‘PD and
Huntington’s disease (HD). The inherent
toxicity of aggregated material and aggregated
protein stress responses may be the fundamental
component among protein deposition diseases
(Bucciantini et al., 2002). Disturbance of
lysosome functionality is not proposed as the
cause of disease but rather implicated in the
progression of neurodegeneration in conjunction
with potentially several other events (e.g., see
Small et al., 2001 for an excellent review of the
pathogenic processes being investigated in the
AD field).

Alzheimer-type protein deposition

Abnormal deposits of protein species are
a hallmark of AD. Cellular processing pathways
that degrade the amyloid precursor protein
(APP) can lead to accumulation of toxic
carboxyterminal fragments (CTFs) and AP
peptides (e.g., see Oster-Granite et al., 1996;
McPhie et al., 2001; Selkoe, 2001a). A wide
~ body of work by Nixon and colleagues has
implicated lysosomal abnormalities as a
contributing factor in  amyloidogenic
accumulation and in the development of fibrillar
AB in the form of senile plaques (Cataldo et al,
1991, 1994; Nixon et al., 2001). These studies
and others point to changes in the lysosomal
system of neurons as a prominent feature of AD
pathology. Disturbances in the endosomal-
lysosomal pathway were found to have a marked
prevalence in AD-vulnerable regions like the
prefrontal cortex and hippocampal pyramidal
layers (Cataldo et al., 1996). The same study
showed little evidence of such disturbances in
the cerebellum, a less vulnerable region.

Age-telated lysosomal perturbation has
been previously suggested to promote
pathogenic fibril formation and intracellular
deposits of amyloidogenic species in AD brains
(Benowitz et al., 1989; Cataldo et al., 1991).
Alternative  processing pathways  through
lysosomes were identified that potentially
contribute to the production of amyloidogenic
polypeptides (Cole et al., 1989; Golde et al,,
"1992; Haass et al, 1992, 1993; Koo and
Squazzo, 1994; Evin et al., 1995; D’Andrea et

al., 2001). Correspondingly, alterations to the

‘lysosomal system were particularly evident in a

form of familial AD and in related transgenic
mouse models (see recent review by Nixon et
al, 2001). Administration of lysosomal
inhibitors into brain ventricles of rats
(Hajimohammadreza et al.; 1994), systemically
in mice (Mielke et al., 1997), and to brain tissue
in culture (Bahr et al, 1994) confirmed the
induction of APB-containing APP fragments in
neurons. In addition, AP itself is internalized by
AD-vulnerable neurons (Bahr et al., 1998)
causing free radical generation within lysosomes
and disruption of the lysosomal proton gradient
(Yang et al., 1998; Ditaranto et al., 2001). The
accumulation of - stable “AB in lysosomes
promotes further production of amyloidogenic
fragments (Yang et al., 1995; Bahr et al., 1998),
perhaps as part of a pathogenic cascade (see Fig.
1). :
There are several potential ways in
which lysosomal disturbances might influence
amyloidogenic events. From the cell surface,
APP is reinternalized into the endosomal-

" lysosomal system where minor amounts may be

converted to CTFs - these amyloidogenic
intermediates would be long-lived when general
hydrolase activity is suppressed by episodes of
lysosomal ~ perturbation. Compromised
lysosomes are more likely to increase the half-
life of CTFs generated by P-secretase processing
in the endoplasmic reticulum (ER) and trans
Golgi network (TGN), and the fragments would
then buildup in neurons due to the reduced
digestion/excretion activity of dysfunctional
lysosomes. Another possibility is that abnormal
endosomal-lysosomal pathways alter APP
trafficking to promote availability for processing
in the TGN. The resulting cellular accumulation
of CTFs, as seen in experimental models (Golde
et al, 1992; Bahr et al., 1994), would allow
increased production of AP wvia y-secretase
cleavage. Lysosomal dysfunction could
indirectly affect one or more of the myriad of
processes that regulate APP catabolism (see
Mills and Reiner, 1999). Since there is evidence
of different y-secretases for the generation of
APz and the less amyloidogenic ABi.40 (Klafki
et al., 1996; Skovronsky et al., 2000), one could
speculate that altered compartmentation by
lysosomal disturbance may encourage the action
of APBisr-specific y-secretase in order to




increase the APi4/APi4 ratio of non-secreted -

peptides and promote AP fibrils. Mathews et al.
(2002) recently proposed that abnormalities in
the lysosome system lead to modified

compartmentation of lysosomal hydrolases, |

conceivably resulting in accelerated A
generation. Altemnatively, preferential
compartmentation that prevents y-secretase
activity may actually promote selective
pathogenesis through CTFs (see McPhie et al,
2001; Amtul et al., 2002). Subsequent to CTF
accumulation, the fragments may very well add
to nucleated structures of intracellular AB,
resulting in heterogeneous aggregation that
facilitates the pathophysiology of dystrophic
neurites (see Glabe, 2001). Finally, suppressed
lysosome function could increase the cellular
release of CTFs that would compete with and
down-regulate =~ AB  degradation/clearance
pathways (see Iwata et al., 2001; Selkoe, 2001b),
thereby promoting the deposition of the AP
peptide as amyloid plaques. It is not known as to

" which of these scenarios or combination thereof

explains the amyloidogenic changes associated
with lysosomal dysfunction. While there are

many questions to be the focus of future

research, mounting evidence indicates that the
lysosomal disturbances found in the AD brain
contribute to Alzheimer-type pathogenesis.
Suppression of lysosomal function not
only promotes amyloidogenic events but also
intraneuronal deposits recognized by antibodies
against neurofibrillary tangles (NFTs). The
microtubule-binding protein tau forms paired

helical filaments (PHFs) leading to the

production of NFTs in the aged brain and more
so in patients with AD. Studies in rats and

* primates showed that inhibitors of lysosomal
proteases induce the type of PHF aggregates that -

promote tangle formation (see Ivy, 1992;
Takauchi and Miyoshi, 1995). In vivo and in
vitro models have shown that altered processing
of tau isoforms occur in response to lysosomal
dysfunction, followed by intracellular deposition
that resemble tangles at the light microscope
(Bahr, 1995; Takauchi and Miyoshi, 1995; Bi et
al, 2001; Bendiske et al., 2002) and electron
microscope level (Takauchi and Miyoshi, 1995;
Bi et al., 2001). Tau mutations cause NFTs in
the absence of AP plaques, resulting in a group
of dementias called tauopathies or
frontotemporal dementia (e.g., FTDP-17; see

Hardy et al, 1998). Thus, it is clear that
abnormal tau processing alone is sufficient to
cause neurodegeneration. Modified tau 1is
thought to be metabolized in lysosomes (Ikeda et
al,, 1998, 2000). Along with the fact that AP
peptide is taken up by neurons and causes
lysosomal perturbation (Bahr et al., 1998; Yang
et al., 1998; Ditaranto et al., 2001) perhaps sheds
light on the relationship between amyloid
accumulation and tangle formation, a major
issue in AD. A connection between AP deposits

"and NFTs also was strengthened by recent

studies using transgenic animals (Gotz et al,
2001; Lewis et al,, 2001). One of the studies
injected the longer, more amyloidogenic form
AP into tau mutant mice, causing increased
tau tangles not in the hippocampal injection site
but in a region to which hippocampal neurons
project. This finding could be related to data that

suggest AP;.4; is taken up by vulnerable neurons -

and transported to distant synaptic terminals
where local protein processing is subsequently
disrupted (Bahr et al., 1998; also see Masliah
and Licastro, 2000).

It needs to be noted that abnormal
deposits do not have to be proteinaceous in order
to have a negative impact on neurons. For
instance, different types of glycosphingolipids
accumulate in the brains of Tay-Sach’s and
Sandhoff’s disease patients due to mutations in
isoforms. of the lysosomal enzyme f-
hexosaminidase. The neurodegenerative disease
Niemann-Pick type C is characterized by the
buildup of lipoprotein-derived cholesterol in

~ lysosomes due to mutations in the NPC1 protein

(Loftus et al., 1997). Interestingly, the excessive
lysosomal storage of cholesterol may in fact
promote abnormal protein processing ¢ as
evidenced by the appearance of PHF-tau in
Niemann-Pick disease resembling that found in
AD (Auer et al., 1995). This is consistent with
reports suggesting that altered tau processing
and early PHF formation involve lysosomes of
AD brains and model systems (Ikeda et al,
1998, 2000; Oyama et al., 1998; Bendiske et al,,
2002). Such negative effects on lysosomes
would explain why cholesterol-lowering drugs
reduce the incidence of AD-type dementia as
well as reduce intra- and extracellular levels of
AP peptides (Fassbender et al,, 2001). These
results, together with those previously discussed,
promote the idea that the gradual disruption of




lysosomes observed during bram aging
contributes to protein deposition diseases.

Alzheimer-type synaptic pathology
The influence lysosomal dysfunction
has on amyloidogenic and tangle chemistries
may be the pathogenic step that leads to early
pathology targeting synapses (see Fig. 1). As
exemplified in Figure 2, lysosomal perturbation
in hippocampal slice cultures causes dramatic
reductions in synaptic proteins and in evoked
excitatory responses (Bahr et al., 1994, 2002;
Bendiske et al., 2002). The decline in synaptic
markers and respective mRNA  species
‘correlated with the degree of induced protein
deposition. Synaptopathogenesis may stem from
AP processing since intracellular generation of
~ amyloidogenic species has been shown to lead to
the disruption of synapse structure and
" functionality (e.g., see Bahr et al., 1998; Hsia et
al., 1999; Mucke et al., 2000; Kim et al., 2001a;
Walsh et al., 2002). Similar declines in synaptic
markers are characteristic of AD brains, thus
implicating synaptic loss as a major and early
contributor to the reduced cerebral activity and
resultant cognitive impairment (Terry et al,
1991; Mesulam. 1999). A - link between

lysosomal dysfunction and synaptic pathology :

was indeed identified in AD brains (Callahan et

al., 1999; Masliah and Licastro, 2000; also see

Cross et al., 1986). In particular, indications of
both lysosomal stress and synaptic decline were
evident in tangle-bearing neurons but not in
neighboring tangle-free neurons (Callahan et al.,
1999). Disturbance of the lysosomal system
appears to be especially detrimental to synapses
since it increases synaptic vulnerability to other
insults (Bahr et al., 1994) and its effects are not
attenuated by endogenous repair systems (Bahr
et al., 2002).

In both AD and the hippocampal slice
model, diminished expression of synaptophysin
and other synapse-related genes was found
neurons containing tau deposits (Callahan et al.,
1999; Bendiske et al., 2002). Protein deposition
has been shown to correspond with the severity
of neurodegenerative diseases, thus explaining
the identification of synaptic loss as a major
correlate of cognitive decline. Results from the
slice model indicate the link between aberrant
protein accumulation and synaptic pathology
involves the disruption of transport mechanisms
that are vital for synapse maintenance {(Bendiske

et al., 2002). Lysosomal dysfunction influences
a cascade of pathogenesis consisting of
anomalous production ~ of CTFs,
hyperphosphorylation of tau isoforms, and
excessive  ubiquitination of cellular deposits.
Subsequent formation of PHFs may disrupt the
equilibrium between tau and phospho-tau
(pTau), thus lowering the availability of normal
tau for stabilizing microtubules and their
transport mechanisms (Fig. 1). Microtubule

"destabilization indeed followed lysosomal

dysfunction, indicated by the selective loss of
acetylated tubulin in the slice model and as
occurs in PHF-containing neurons in AD
(Hempen and Brion, 1996).

Over an extended period of lysosomal
dysfunction, CTF and PHF .accumulation
corresponded with the degree of microtubule
compromise (Bahr et al., 1994; Bendiske et al,
2002). Signs of microtubule destabilization in
the hippocampal slice model included tubulin
breakdown and diminished transport capability.
Transport failure is likely mediated through the
loss of microtubule integrity as well as through
physical obstruction by protein deposits. Other
studies suggest that amyloidogenic processing
alone can stall kinesin-mediated transport
mechanisms (see Kamal et al., 2001). Axonal
transport appears to be particularly vulnerable to
protein deposition as evidenced by the somatic
accumulation of abnormal  aggregates,
filamentous inclusions, and lysosomes in the
human brain (Hempen and Brion, 1996; Li et al.,-
2001).

a-Synuclein disorders

PD is another age-related disease that is
associated with abnormal protein accumulation.
PD and AD together represent the two most
common forms of neurodegeneration, and there
is increasing recognition of a relationship
between the two disorders. Both exhibit
intracellular deposition, thus, altered protein
processing and ubiquitin disposal pathways have
been implicated in the pathologies. Neuronal
accumulations of eosinophilic inclusions termed
Lewy bodies occur in subcortical neurons of PD
brains, primarily composed of ubiquitin and a-
synuclein (e.g., see Spillantini et al., 1997). The
filamentous inclusions also are present in Lewy
body dementia and in neocortical neurons in a
variant of AD. An inherited defect that produces




mutations in a-synuclein leads to a familial form
of PD. Expression of mutant a-synuclein in
neurons led to lysosomal dysfunction and
disruption of the ubxqunm-dependent proteolytic
system (Stefanis et al., 2001). With respect to a
relationship between AD and PD, it is of mterest

‘that aggregated a-synuclein has been localized

to dystrophic neurites around amyloid plaques in
AD (Masliah et al., 1996; El-Agnaf and Irvine,
2000). Thus, disruption of ubiquitination and
lysosomal systems may be a commonality
shared by AD-vulnerable and PD-vulnerable
brain tissue that begins to explain the
interrelationship between the two age-related
diseases.

Huntmgton s disease (HD)

Lysosomal dysfunction also has been
found to be associated with the age-related
disorder HD, also known as a polyglutamine-
repeat disease. HD is an autosomal dominant
disorder and, similar to previously mentioned
diseases, is characterized by involuntary
movements and  cognitive  impairment
progressing to dementia. Proteins containing

" polyglutamine expansions can form intracellular

aggregates and cause several neurodegenerative
diseases. The HD mutation is a polyglutamine
expansion in the N-terminal region of the protemn
huntingtin. Mutant huntingtin forms
intraneuronal ‘ aggregates in HD brains, and
expression of the mutant protemn in vitro causes
cell death (DiFiglia et al, 1997). Transport
blockage as shown associated with the
lysosomal dysfunction cascade is also found in
HD (Li et al, 2001). Early studies in HD
patients resonate the theme of a link between
abnormal deposition and lysosomal dysfunction
(see Cross, 1986). Along with evidence that
mutant huntingtin accumulates in perinuclear
regions that resemble endosomal-lysosomal
organelles, a recent report confirmed that the

~ aggregates collect in lysosomal structures (Kegel

et al., 2000). The endosomal-lysosomal system
appears to be one of the pathways by which
endogenous huntingtin is degraded. To
determine the relative involvement of other
protease systems being investigated, future
research should address whether experimentally-
induced lysosomal dysfunction results in
endogenous huntingtin accumulation.

Vicious cycles and selective vulnerabiliiv
We propose that in some age-related

- diseases, pathogenic processing of proteins

occurs in a vicious cycle. As in HD, evidence

‘suggests that mutant huntingtin, by slowly

accumulating in  lysosomes,  amplifies
degradation abnormalities that promote further
huntingtin aggregation. Such a cycle may

represent a general ‘process in age-related

diseases where expression of a pathogenic
protein species alters lysosomal mechanisms,
thereby causing further production of the
aberrant species. This type of vicious sequence
would likely facilitate deposition events,
possibly involving multiple proteins that are
influenced by lysosomal dysfunction. For
example, a-synuclein not only accumulates in
PD but also co-deposits with huntingtin in HD
brains and with AB in AD brains (Masliah et al,,
1996; - Charles et al, 2000). Perhaps such
deleterious cycles are initiated by fragments of
APP, a-synuclein, and other proteins that can
form lysosomotropic structures containing high

‘B-sheet content (e.g., see Katz et al., 1994;

Burdick et al., 1997; El-Agnaf and Irvine, 2000).

A striking example of a vicious cycle is
one initiated by the AP;4, peptide and its
selective uptake into vulnerable neurons (Bahr et
al., 1998). Local release of secreted AP or the
AB content of ruptured neurons would allow
internalization by  neighboring  neurons.
Dllustrated in Figure 1 (see cycle A), lysosomes
sequester the internalized AP as insoluble
aggregates and, in so doing, promote further B-
amyloidogenic processing of endogenous APP.
Experimental evidence supports this progressive
cycle as well as concomitant synaptic decline
(Bahr et al., 1998; Yang et al., 1998; Glabe,
2001). Matching the regional vulnerability in the
AD hippocampus, A4, is taken up exclusively
by neurons in field CAl  Likewise,
amyloidogenic  intermediates  subsequently

" induced by the vicious cycle were found

localized to CAl pyramidal neurons (Fig. 3A;
modified from Bahr et al, 1998). The Ap-
induced CTFs are comparable to those induced

- by lysosomal inhibitors and to those that

accumulate in neurons of AD brains (Benowitz
et al., 1989; Bahr et al.,, 1994). Applying more
exogenous AP showed that all hippocampal
subfields as well as some dendritic zones are
capable of the lysosomotropic response (Fig.




3B). These data form a link between two
disparate observations in AD, ie. extracellular
AP levels (that lead to selective uptake) and
intracellular accumulation of CTFs. They also
suggest select populations of cells are especially
vulnerable to a positive feedback process.
Interestingly, the lysosomotropic effects could
influence tau processing as well. This may form
an altemative feedback loop since a recent
report indicates that mutant tau disrupts
lysosomes in central neurons of FTDP-17
transgenic mice (Lim et al., 2001).

The vicious cycles proposed could
easily be intensified by the activation of non-
lysosomal proteases that are associated with
apoptotic and excitotoxic pathways. Aberrant
proteolytic activity occurs with age and during

many disease states (see Vanderklish and Bahr,
2000; Blomgren et al., 2001; Kim et al., 2001b),
generating protein fragments that add to the
workload of the lysosomal system. Caspase
activation has been found to increase as a
function of disease progression and to correlate
with tangle formation in AD brains (Rohn et al,

2001). One of the key proteases involved in '

excitotoxicity is calpain, and over-activation of
this protease has been linked to normal aging
and AD (see reviews: Nixon, 2000; Vanderklish
and Bahr, 2000). Aberrant calpain responses in
the aged brain occur gradually and selectively in
AD-vulnerable regions (Vicente et al.,, 2002).
Studies have shown that calpain is activated
during lysosomal disturbance (Bendiske et al.,
2002), and further lysosomal disruption is
produced when calpain causes proteolytic
membrane damage to lysosomes (Yamashima,
2000).

Conclusion

The aging risk factor of lysosomal
dysfunction, once reaching a critical level, acts
as an accomplice to persuade pathogenic steps
toward age-related disease states. Gradual
disruption of the lysosomal system contributes
to protein aggregation/deposition processes and

‘synaptopathogenesis. In vivo and in vitro models

of lysosomal dysfunction recapitulate many
aspects of protem deposition diseases and,
accordingly, help in the understanding of how
abnormal deposits might disrupt synaptic
contacts and cognition before neuronal atrophy.
Supporting one hypothesis, transport failure and

the resultant down-regulated expression of
synaptic components have been linked to the
early events of intraneuronal deposition. Such
disruption of microtubule-based transport
mechanisms would explain the decline in
synaptlc composition and neuronal activity that
is associated “with age-related
neurodegeneration. The evidence points to
lysosomal malfunctions as playing an important
part in the initial synaptic pathology.
Experimentally-induced lysosomal disturbances
also lead to dystrophic neurites, cytoskeletal
damage, and cell death (Takauchi and Miyoshi,
1989, 1995; Hajimohammadreza et al., 1994,
Okada et al., 1994; Bahr, 1995; Bendiske et al.,
2002). Thus, there are strong indications that
changes in the lysosomal system manipulate
both early and secondary stages of age-related
protein deposition diseases.
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TABLE 1. Evidence of lysosomal abnormalities is associated with the mental deterioration characteristic
of early-onset and age-related diseases. '

Early-Onset Pathologies Age-Related Pathologies

Tay-Sach’s disease ' Alzheimer’s disease

juvenile neuronal ceroid lipofuscinosis FTDP-17

Niemann-Pick disease Parkinson’s disease

Sandhoff’s disease - Lewy body dementia

Sanfillippo B syndrome : Huntington’s disease
FIGURE LEGENDS

Figure 1. Possible contributions of age-related lysosomal disturbances to AD-type pathdgenesis.

Figure 2. Lysosomal disturbance leads to synaptic pathology. Anti-synaptophysin staining in
hippocampal slice cultures was compared before (A) and after 6 days of lysosomal dysfunction (B),
which was experimentally-induced with chloroquine. The presynaptic marker was assessed by threshold
digitization at high magnification (in red). The density of organized terminals on stratum radiatum
dendrites was reduced from 10-15 pm™ in control tissue to 1-2 pm™ following lysosomal dysfunction.
View-field width: 60 pm. : o

* Figure 3. Internalization of AB,.y; initiates amyloidogenic processing in vulnerable neurons. (A) Cultured
hippocampal slices were treated daily with the ABis» peptide for a week. Sections were then
immunostained with affinity-purified anti-Ap antibodies that do not label monomeric AR but recognize
' intracellular amyloidogenic fragments (developed by C. Glabe, University of California, Irvine). A
distinct zone of pyramidal neurons (arrow) was labeled in field CAl. (B) Increasing the AP dose five-fold -
caused widespread induction of the amyloidogenic response in CAl, CA3, and the stratum granulosum
(sg). Immunopositive dendrites and terminals also were evident in the stratum radiatum (sr), stratum
lacunosum-moleculare (slm), and the molecular layer of the dentate gyrus (ml). View-field width: 3.5
mm.

11




Synaptic
Deterioration

A

- Lysosomal Alterations

«

Transport
Disturbances










